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The subject of the thesis is the study of temperature effects 
on a concrete cylindrical structure representing the primary 
biological shield of an nuclear reactor* The study was carried out 
using a model of a simplified analogous structure formed by cutting 
the cylinder by two planes parallel to the same diameter and linking 
the two parts by means of a slender cross-wall representing the action 
of the removed parts of the cylinder#
The model was built at the Battersea College of Technology and 
the results of tests were compared with the results obtained by the 
author from the analysis of the scaled model of the prototype, a 
joint programme carried out by the Department of Scientific and 
Industrial Research and Taylor Woodrow Construction Ltd.
The science of model testing was extended in this work to cover
investigations of the effects of short term temperature loading. The
programme aimed at the development of a. simplified .model as an 
inexpensive method of testing, development of an experimental
technique and theoretical analysis which could be used as a "yard
stick" in comparison between different tests or even different models.
Comparison of results between the scaled model of the prototype (three
dimensional model) and a simplified model and checking that the
principle of superposition applies to the temperature loading was also
sought.
Abstract
Some twenty tests were carried out on one of the three 
dimensional models hut only part of one test was singled out for 
the comparison of results with the simplified model. The main work 
was carried out on the simplified model and, out of eighteen tests, 
one test was fully worked up in the form of tables and graphs showing 
the experimental and analytical approach in detail. The results of 
representatives of other groups of tests were shown in graphical form.
The experimental technique is fully described pointing to the 
encountered difficulties. The successful development of a simplified 
model raises confidence that this approach could be extended to other 
types of structures®
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In t r o d u c t io n  
The prob lem .
Through th e  h is t o r y  o f  E n g in e e rin g  o f te n  th e  
i n t u i t i o n  o f  an E n g in e e r le d  to  th e  subsequent developm ent o f  
th e o ry . Model a n a ly s is  l in k in g  th e o ry  and p r a c t ic e  can 
s u b s t i tu te  i n t u i t i o n  w hich  was backed b y  e x te n s iv e  e x p e rie n c e  
and p r a c t ic e .
The e n g in e e r o f te n  fa c e d  by problem s th a t  cannot be so lved  
e a s i ly  b y  t h e o r e t ic a l  a n a ly s is  alone# must tu r n  to  model t e s t in g  
whereby he can check th e  v a l i d i t y  o f h is  t h e o r e t ic a l  a n a ly s is  
a g a in s t  th e  b e h a v io u r  o f  th e  model i t s e l f .
To u n d ers tan d  th e  problem  and develo p  th e  th e o ry  o f  
tem p era tu re  e f f e c t s  on c o n c re te  s tru c tu re s  th e  work was 
u n d ertak en  b y  th e  U n iv e r s i t ie s  and re s e a rc h  o rg a n is a tio n s  i n  
th is  c o u n try  and abroad- However# to  th e  a u th o rs  knowledge no 
m odels o f  th e  a c tu a l  s tru c tu re s  were te s te d  a p a r t  from  those  
d e s c rib e d  i n  t h is  th e s is .  T h e .th e s is  i s  concerned w ith  th e  
des ig n  and s t r u c t u r a l  b e h a v io u r o f the p r im a ry  b io lo g ic a l  s h ie ld  
f o r  a  n u c le a r  r e a c to r *  Due to  th e  enormous grow th  o f  th e  a tom ic  
power in d u s t r y  th e  q u e s tio n  o f  the e f f e c t  o f  te m p e ra tu re  changes 
on th ese  c o n c re te  s tru c tu re s  becomes one o f  v i t a l  im p o rtan ce . 
W h ile  o b s e rv a tio n s  on m odels s u b je c te d  to  e x te r n a l  m echan ica l 
lo a d in g  produce s t r a in s  w h ich  a re  d i r e c t l y  p r o p o r t io n a l to
C h a p te r  1 * Scope o f  r e s e a r c h .
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stresses, in temperature models the observed strains are 
somewhat remote from stresses and consequently the immediate 
picture of the behaviour of the structure is difficult.
While small models can easily be visualised, the following 
short description of an actual biological shield with the 
explanation as to its position and function in the reactor system 
introduces the factor of a physical magnitude of the structure.
The nuclear reactor can be described as a furnace fuelled 
by uranium. There are usually two reactors per power station, 
(fig. 1 & 2 ), each consisting of a pressure vessel enclosing a 
graphite core, heat exchangers, fuelling and cooling systems and 
biological shields (fig.3) encircling the pressure vessel. Most 
of the energy is released as heat though a certain amount of 
alpha, beta, gamma and neutron radiation is also produced. The 
heat, subsequently removed from the core by (C^) .coolant pumped 
under pressure, is transferred to the heat exchangers where the 
hot carbon dioxide gas, flowing over a sealed water system, 
produces steam. The steam is conveyed to the turbine house where 
it drives turbo-generators, thus producing electricity.
The remaining energy released in fission, particularly 
neutrons and gamma rays, are harmful, necessitating the provision 
of biological shielding to protect both the operating personnel 
and the public. This primary biological shielding is always of
15.
Hinkley Point Nuclear Power Station Reactor No.2.
P i g .  / .
Reactor No.l.
P i g .  Z .
1 6 .
H i n k l e y  Point Power Station 
Biological Shields.
F i g .  3 .
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massive construction. In a recently built power station it 
took the form of a duodecagonal prism with an average wall 
thickness of 7 ft., an internal diameter of approximately 75ft., 
and a height of approximately 85ft* The shield is capped with 
a 12 ft. thick concrete pile cap, pierced by fuelling holes, 
access holes, etc.
During the operation of the reactor, the primary 
biological shield undergoes changes in temperature. There are 
two sources of heat within the walls, one produced by heat 
radiation from the core of the reactor and the other caused by 
the slowing down of fast neutrons, generating a humped temperature 
pattern with the peak about 1 2 - 1 5  in. from the inner face of the 
sheild. Up to this date temperatures in the primary shield have 
been of a rather low order and the design of the structure was 
left to the resources of construction firms and the methods of 
calculation to the individual engineers responsible for the 
structure. There is a trend however to increase the power output 
and efficiency by further engineering development, namely by 
increasing temperatures and pressures This calls for a better 
understanding of the problem and the development of a reliable 
theory.
Previous Work
Thermal stresses are produced by resisting the movement of 
the body subjected to change of temperature.
For some structures thermal stresses are of paramount
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im portance c o n s t i tu t in g  a  la r g e  p a r t  o f  th e  m ain lo a d in g ; f o r  th e  
o th e rs  th ese  s tre s s e s  may he ig n o re d .
C u rre n t methods o f d es ig n  based on Timoshenko were  
d e ta i le d  by T a y lo r  and T u rn e r , B ousal and Davis®
S e v e ra l in v e s t ig a to r s  l i k e  G .L . England , R. S teven s ,
I .W .  Hannah, Tom alak ( im p e r ia l  C o lle g e ).. ( * )  and ...others in  
C.E.G .Bo L e th erh e ad  L a b o ra to r ie s  (*■) w ere concerned w ith  th is  
prob lem . A l l  th ese  in v e s t ig a to r s  worked on c o n c re te  beams 
s u b je c te d  to  a  th e rm a l g ra d ie n t  w h ile  r e s t r a in e d  f l e x u r a l l y  b u t  
w ith o u t lo n g i tu d in a l  r e s t r a i n t .  H igh te m p era tu re  g ra d ie n ts  used  
i n  th ese  te s ts  ( 9 >1 0 , 2 3 ) produced a  r a t h e r  h ig h  combined e f fe o t  
o f sh rin kag e  and creep  and le d  to  the c o n c lu s io n  th a t  h ea ted  
co n cre te  behaves v e iy  d i f f e r e n t l y  from  th e  p r e d ic t io n s  o f  e l a s t ic  
th e o ry *  Some scan t ev iden ce from  O a ld er H a l l  a lre a d y  suggests th a t  
th a t  the r a te  and amount o f  d ry in g  where t h ic k  c o n c re te  w a lls  a re  
s u b je c te d  to  r e l a t i v e l y  low tem p era tu res  is  n e g l ig ib le ,  and w ith  
creep  r e la te d  d i r e c t l y  to  f a i r l y  low s tre s s e s  heavy c i v i l  
e n g in e e r in g  s t ru c tu re s  l i k e  b io lo g ic a l  s h ie ld s  f o r  n u c le a r  r e a c to rs  
w ith  i t s  9 L t .  t h ic k  w a lls  w i l l  r e l y  p re d o m in a te ly  on a c c u ra te  
e s tim a te  o f  th e rm a l s tre s s e s  as. top  boundary o f  th e  d e s ig n .
To be a b le  to  d i f f e r e n t i a t e  and d es ig n  p u re ly  f o r  tem p era tu re  
lo a d in g , sh rin kag e  and creep  had to  be e l im in a te d  and tem p era tu res  
reduced to  th e  b a s ic  minimum, though adequate f o r  th e  e x p e rim e n ta l 
a n a ly s is  to  be p o s s ib le .
( *) r e s u l t s  u n o b ta in a b le
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There appears to have been very little experimental work on thermal 
stresses in concrete and none on models of structures subjected entirely 
to this type of loading.
1*3 Proposed Programme
Introduction
The programme of research on concrete structures in nuclear engineering 
initiated as a joint project between D.S.I;R. and Taylor Woodrow Construction 
Ltd., led to the development of a simplified model built at the Battersea 
College of Technology. The expression "simplified model" used throughout 
this work refers to two dimensional analagous structures described in the 
next pages. The author was responsible for the design of biological shoilds 
for the Hinkley Point Power Station and was involved in both research 
projects with varying degrees of responsibility. In the first project 
Taylor Woodrow provided scientific staff and financial support with the 
Building Research Station providing laboratory space, accommodation,
- required instruments, a certain amount of "know-how" and overall 
supervision. As a leader of the Taylor Woodrow group working at the 
Building Research Station the author was responsible to Taylor Woodrow for 
all the work carried out there.
The second project was carried out as post-graduate research at the 
College.
Scope of the programme
1. It was felt that the programme was breaking new ground in model 
testing and the development of correct experimental techniques was most
2 0
important *
2. The time factor of both projects prpvided an exceptional opportunity 
to compare the results* Sine© the comparison could only be mad© by using 
factors common to both, the theoretical analysis was chosen as a "yard 
stick"•
3* The development of a theoretical analysis able to match the 
experimental results was again an important matter*
4* The development of an idea for a simplified model as an inexpensive 
method of design or of checking design, was sought*
5* By extending the use of a simplified model an opportunity occured 
(otherwise unobtainable) of checking the principle of superposition when 
the effects due to average temperature and' temperature gradients are 
considered*
Chapter 2* Simplified model
2.0 Introduction
The idea of a simplified model grew out of the realisation that the 
large scale three dimensional models would prove to be prohibitively 
expensive for most of the building industry* The use of simplified models 
behaving in a similar manner to large models but involving only a fraction 
of the cost would often be advantageous. Small scale models, on-the other 
hand, would possibly be inadequate due to the insensitivity of the 
measuring equipment* An example of such a simplified model, where a 
concrete cylinder is subjected to temperature loading, is presented in 
this thesis*
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2 .1  T h e o r e t ic a l  des ign
The th e o ry  o f  beams on e la s t i c  fo u n d a tio n s  can be a p p lie d  to  th e
a n a ly s is  o f  t h in  c y l in d e r s .  A lo n g itu d in a l  e lem ent A-B ( F i g . 4 )  o f  a
t h in  c y l in d e r  under a x i a l l y  sym m etrica l lo a d in g  4,q.ft p e r u n i t  a re a  may bs
re g a rd e d  as a beam on an e l a s t ic  fo u n d a tio n . The e la s t ic  fo u n d a tio n  i s
p ro v id ed  by th e  r e s u lta n t  !IPH o f  hoop fo rc e s  N ( F i g . 5 ) .
The e q u a tio n  f o r  a t h in  c y l in d e r  i s  th e n
E l  =  " ^  =» lo a d in g  « p 1 #
dx4 R c
R -  ra d iu s
The t y p ic a l  e q u a tio n  o f  a beam on e la s t ic  fo u n d a tio n s  is
d j y  &  + 2
aS? E I  E l
Load ing  f o r  a beam o f  w id th  1 is
E M  y
P c -  q l  — r 2~
A s im p li f ie d  s t r u c tu r e  can be. formed by th e  lo n g itu d in a l  e lem ents  
o b ta in e d  by c u t t in g  th e  c y l in d e r  by two p lanes p a r a l l e l  to  th e  same 
d ia m e te r , and connected by means o f  a s le n d e r c r o s s -w a ll  ( F i g . 6 ) .  The  
c ro s s -w a ll  re p re s e n ts  th e  a c t io n  o f  th e  removed p a r ts  o f  th e  c y l in d e r .
I f  u n ifo rm  lo a d in g  is  a p p lie d  a t  an a r b i t r a r y  le v e l  ( F i g . 7 ) th e  beams 
form ed by th e  w a ll  e lem ents  a re  d is p la c e d  by a d is ta n c e  y  and bending  
moments a re  s e t u p . The d e f le c t io n  o f  th e  beams produces s t r a in s  in  th e  
c ro s s -w a ll  o f  v a lu e  y /R  w hich g iv e  r is e  to  an opposing fo rc e  p er u n i t  
dep th  w -  Eay
R
T o t a l  l o a d i n g  o n  t h e  m em ber  e q u a l s  l q  -  w » P Q 4*
c  Y 4 /A / n e / z  y /O . 4 .
H O # / z o A / r / n  s * c r / O A / d / G . S .
O
S\
€S
23-
S / A / P /  /P /P O  S  T P t / C  7 ~ / / /? f P /G . 6 .
2 *
-r
"I-----
4 J
- 2 *
£  O A J D / / V G  G Y S T P / V P / G .  7
by equating Ps = Pc
a h i  ~  5 * .j* a = R
R R
The thickness of the cross-wall in the model should fulfil the condition 
given by equation (5) to produce similar behaviour of the cylinder and its 
equivalent simplified structure. The continuous cross-wall was later 
replaced by a series of pin-jointed beams of equivalent cross area.
Assuming in the simplified model 1 = 12 in. h - 4-2 in. and R - 24.85 in. 
a = 'j v Q/  —  * 2.028 in. say 2.0 in.
a - thickness of the crosswall.
Roof beam
In order to be able to compare the results of a scaled model of a 
cylinder covered by a circular plate (three-dimensional model) with the- 
simplified model using a roof beam in place of a plate, the rotational 
stiffness at the juiiction of walls and roof must in both cases be identical. 
This imposes a dimensional requirement on the roof beam.
M beam = M circular plate 6..
20IE Eh3M beam = — ■ —  - M plate ~ 0 assuming the beam to bo 12 in.
wide and taking 1 2" of the circumference of the plate.
21 . 3  h p la te  « 6 .8 7 5  ift*'</ "il ® n
“ L = 2 R
21 JJ26 . I = 326 in . 4
2R = H
I of a ‘bsaoi 1 2" x 6®'" = 6 . 8 l F  x 12 » 326 in . 4
1 2
Th© required beam size is 12 in* x 6@- in.
To be able to prove that the simplified model can be adequately 
compared with the scaled three dimensional models of the prototype and 
the prototype itself the comparison of stiffness factors of the roof and 
walls in each case will be made.
The rotational stiffnesses at the junction of roof and walls for the 
prototype and its three-dimensional models (model No.3 BRS) can be 
calculated from the well known long cylinder and circular plate 
equations. (For details refer to chapter 2.7*5*)
From long cylinder equationss
Rotation » © , Moment = M Deflection » 0
0 » D and © - (C - D ) ^  s* C « © m » 02 A
C<^D - arbitrary constants.
M = Ely" = -EIm2C = -El m If?~ & 7.
For the circular plates
MR x 12 N 'cn'3
Eh
Stiffness factors
Walls. Plate<
I m  { 2  ri
12R6.316 x .128 x 2 a 1.62
0*595
6.8753 
12 x 24*85
0.405
= !09
F o r  t h e  s i m p l i f i e d  m o d e l s
Rotational flexibility of roof beam V^G 53 ~ 9 #(37647/E
2EI
(see chapter 2*7*5* @* for detailed explanation)
V R  Xg * rotation of the roof due to applied moment X^
Rotational flexibility at the top of the wall beam 
V A Xg = 2*007 x 0.05258/E = 0,10553/E • 10
(see chapter 2*7*5* c for detailed explanation)
Ya * ^ 6 "* notation at the top of the v/all due to applied moment X^
Stiffness factor for roof equals 0,42 and for walls O .58
It 7/ill be noted that although these factors are not identical they 
are sufficiently dose to fulfil the condition of equal stiffness and 
allow for direct comparison, of the simplified model with the three- 
dimensional model of the prototype.
Chapter 2 ,2 Model Materials 
Introduction
2,2.1. Concrete was chosen as an obvious material. The selection of a 
more homogeneous material would certainly improve the comparison between 
analytical and experimental results but it would not represent the actual 
conditions. Plaster was the only other alternative but since the size of 
the model was dictated by direct comparison with three-dimensional 
cylindrical models requiring access to the inside- for strain measurement, 
the unknown properties of plaster requiring a fairly full investigation, 
less direct results and use of v/ater for cooling made this indirect 
approach more complicated in use. In the early stages of programming the 
research, some possibility existed of comparing the laboratory results 
with the results obtained from the fully instrumented prototype. Since
27
the author was partly responsible for the instrumentation of the 
prototype he was reasonably certain that comparison could be obtained. 
Though this comparison never materialised because of the time factor 
involved, it did however underline the necessity for identical materials 
for more direct comparison. All these considerations lead to the 
acceptance of concrete as the model material.
There was no question of scaling the mix since that would change 
the properties of the concrete but near approximation was obtained by 
dividing the aggregates on sieve N.7, this prpvided a concrete mix which 
had been fully tested at the Building Research Station. The aggregates 
were transported from the Building Research Station to prpvide exactly 
the same properties of concrete in the simplified model as in the models 
at the Building Research Station and to allow for comparison of results.
A § n mix was also suitable for a 4“ Demec gauge, with maximum aggregate 
size at roughly of the Demeo measuring length providing more
representative strain readings without the upsetting effect of larger 
aggregates.
2.2.2. Cement
Ordinary Portland cement to the specification of B.S. 12 was used in all 
concrete units in this investigation 
2.2.3* Aggregates
As explained in the introduction (1*3)> large quantities of % in. and 
*§• in. limestone aggregate were ordered from Batts Combe Quarry, Cheddar, 
Somerset. This aggregate was used for the prototype and v/as transported
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sieved and dried before further use. The cross-beams of the model were
cast at the Building Research. Station and transported together with the
aggregates required for the main frame to the laboratories of Battersea
College of Technology.
2.2.4+ Concrete mix
The concrete mix used for the model was standard shielding mix,
designed and fully tested at the Building Research Station. The 28 days
compressive strength of the author’s four 4 in. cubes cast during casting
of the model at Battersea College averaged 5300 lb/in. which was fairly
2close to the overall mix average of 4910 lb/in . The concrete mix was as 
follows*
Cement 12*3%
i
i
to  th e  B u ild in g  R esea rch  S t a t io n  f o r  th e  m o d els. The a g g re g a te s  w ere
Sand - sieve 25 down 19-71= )
) Ham River sand.
)
sieves 7-25 11.3? ) )
ii V  7 12.3? )
)
)\
 ^ by weight
tt 37*0? Limestone aggregate )
water 7-4? . . .
The aggregate s.cement ratio obtained was 6.5*1 and waters cement ratio 0.6 s1 
2.2*5+ Reinforcement
The early decision to use an unreinforced model was modified to 
provide some measure of safety. The model was intended to be used a 
number of times under different temperature loadings and early cracking 
at the comers or complete failure of the roof beam after early striking
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of the shuttering would have been disastrous. Therefore, comers of the 
main frame were reinforced with four -4 in. dia. short bars of high 
tensile reinforcement. Also the bottom of the roof beam was provided 
with four ^  in. dia. mild steel standard reinforcing bars. The necessity 
for the cross-beams to work in compression or in tension led to the use 
of four J in. dia. mild steel bars in each beam. These bars were hooked 
at the ends to provide adequate anchorage in the concrete frame. The 
foundation was heavily reinforced with in. dia. mild steel reinforcement. 
2-3* Design and Construction 
2.3*1* Construction of the model.
Figure 8 shows the general arrangement of the model. This was
constructed in the concrete laboratory of the Battersea College of
Technology. The oross beams were prepared as separate units before the 
casting date and placed in the fornnworlc. The beams consisted of 
reinforcing skeleton (4j in. dia. steel bars hooked at the ends and placed
in the horizontal plane) insulated at opposite sides with fibre glued to the
bars.
Required length of high resistance wire (Brightray ’B 1) was wound 
around the bars and the unit placed in 3,f x 3H x 45" forms v/ith both ends 
lined with / q ” thick rubber pads allowing the hooked ends of the bars 
to protrude to the outside (Fig.9)* The beams were then cast and in due 
course covered with Araldite to prevent moisture * movement during 
individual test.
4 S & // A J/
J5 //v /= > z / f / s  v j  / v o & j r z  
S Z - O V A T / O A / .
o f o .  a
B i g -  9 .
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The foundation constructed two months in advance was in the form 
of a rectangular beam heavily reinforced to provide near full fixity 
to the walls of the model (Fig. 10). The upper face of the foundation 
was grooved to receive the side walls of the model in due course and a 
number of screw sockets (5^5" dia.) were also provided for fixing the 
shuttering for the model.* (Fig. 9) +
Provision was made to control the behaviour of the foundation by 
casting a system.of heating mats and cooling pipes. The foundation was 
supported on two concrete beams covered by rubber pads resting on the 
floor of the laboratory and positioned under the model walls.
The formworlc for the model was made by the author and assembled 
together with cross beams before heating mats in the walls and roof could 
be wired up. The mats were wir§d off the inn§r face of the frame on a 
series of small nails driven into the shutter. (Fig. 11).
Previously prepared thermocouple units were then positioned and. 4-i  in. 
dia. high tensile reinforcing bars placed in the bottom of the roof shutter 
and in the external face of the comers of the frame to eliminate the 
possibility of early cracking after removal of the shuttering. Otherwise 
the model was unreinforced. (Figs. 12 & 13).
Casting of the model proceeded throughout one day using a 1-J* in. poker 
vibrator. The concrete was placed in one continuous operation with a 
pause of 20 minutes when the roof level was reached to allow for any 
settlement to take place in the walls before the roof beam was cast.
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P ig . t o .
S 4  .
Heating mats and thermpcouples in side walls.
P i g  - //.
General view before casting the outer frame.
Fig. /a .
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D eta il o f the model p r io r  to  casting.
F i g .  / s .
The shutters were stripped next evening leaving the underside of 
the roof supported for the next three days after removal of lcey pieces 
between the roof bottom shutter and the concrete side walls. The model 
was then covered with damp sacking which was wetted periodically for a 
period of two weeks.
Copper strips were screwed to the external edges of the concrete 
frame to form channels in order to facilitate easy water flow and to 
prevent the wetting of the side insulation. The insulation of 1" cork 
plates was nest glued to the two sides of the roof and frame beams.
A main water supply tank erected previously in the elevated position 
under the ceiling was connected with f-” dia. hose to the water sprays on 
the model and the water was turned on, wetting the covering sacking which 
was removed periodically to prepare the model further for testing. In 
turn Demec points and dial gauge studs were fixed to the faces of the 
model.
From previous experience it was known that though glued points were 
quite satisfactory for fixing to dry concrete, permanently or periodically 
wet concrete required different materials which could be relied on to hold 
in these conditions. Cement paste was chosen and all Demec points and dial 
gauge studs on the external face of the model frame were fixed by chipping 
concrete in the required area and building a ring of cement paste around 
the Demec point leaving the central part of the point exposed. TBais method 
proved satisfactory.
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The reference frame was constructed, fixed to the floor of the 
laboratory and dial gauges positioned on their appropriate stud heads.
Thermocouple leads were connected to the prefabricated control 
switches, electrioal wiring connected to the Variacs (Fig. 14) and the 
model was ready for the first trial test,
2.3*2° Heating system
The required linear temperature gradient within the frame of the 
model was readily obtained by a combination of heating through the 
embedded electrical "mats" positioned near the inner face of the model 
and cooling the outer face with water. The effect of average temperature 
in the actual shield, was simulated in the model by heating cross-beams 
with embedded electrical "mats"•
The power calculated to provide required temperature conditions was 
supplied by four V'ariacs of 10 amps, capacity each. One of the Yariacs 
with faulty wiring burned out when tested and a substitute unit of 10 amps, 
capacity used generally for the vibrating table was connected for the 
duration of the programme.
To assess the resistances required for the cross beams, a tiral 
beam was cast with a known resistance of embedded electric mat.
Three tests were carried out to verify the co-efficient K in the 
formula g « K A (tg - t^) used to calculate resistances required for all 
cross beams,
( g -  power required in Bth u / h r . ,  A -  area in sq.ft. 
tg and t^ - temperature in °F. )
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Instruments used in experimental work.
Power and cooling water supply. 
Thermocouple switches in the background.
F i g ./4,
The pattern of temperatures in the cross beams was fixed, triangular at 
the bottom to rectangular at the top and the only variation could be 
provided in supplied power.
Four bottom beams were connected to one variac and the remainder six 
to another assuring separate voltage control in each group.
The resistances built into the beams were as follows.
Beam-1. (16a), 2 (9 /\ ), 3 (6.25yx), 4 (4-8ji), 5 (23.6/x), 6 to 10 
(21.8a). After the first two tests the resistances of two beams were . 
adjusted by addition of external resistance units to improve on the 
experimental pattern.
The heating mats in the frame (roof and side walls) providing the
temperature gradient were calculated from the formula
P. A x T g=5 -
where g - power in Bth u/hr., A - area in sq. ft.
T - temperature gradient and L - thicloiess in ft.
P - co-efficient of thermal conductivity.
The resistance required to produce a 30°F. gradient in the top 24" of 
the side walls v/as 9*4 A  at each side (on completion of wiring the 
resistance measured 10.2 A  ) and at the bottom 27 in.. to produce a 15°F» 
gradient the calculated resistance was 16.6 A  per side.
(measured on completion 1 6 .5 a  )•
Calculated roof resistance to produce a 30°F. gradient was 32.5SI.
The wiring of the above, resistances was possible owing to very high 
resistance values of Brightray B. uninsulated wire which wets used
The electrical supply to the roof was by a separate Variac to allow 
for some flexibility in the system. Final supply of power was divided in 
the following ways Variac No. 1. ~ bottom cross beams,
No. 2. - top cross beams.
No. 3. - Side walls.
No. 4* - - Roof.
Connections to the model passed through a system of fuses ensuring 
that various Variacs remain operational throughout the programme. (Fig.1 4 ). 
Heating mats in the frame were positioned J  in. from the inner face 
of the model and wired around short nails driven into the shutter. Fig. 11 
shows the spacing of the heating mats and other instrumentation.
2.3*3* Cooling system.
The cooling system designed to provide cold water to the external faces 
of the model v/as quite simple.
Water was drawn from a single tank positioned below the ceiling of the 
laboratory and connected to the mains. (Fig. 15). The flow to the tank 
was regulated by a ball valve and the discharge by a cock valve in the 
pipe connecting the tank to the model spraying system. This consisted of 
a f-" hose and a diameter perforated copper pipe in the form of letter H 
providing water to the roof beam and an even spray at the top of the side 
walls. Water flowing to the bottom of the walls was collected in the 
channel on either side and passed through a 2" dia. open gutter connected 
to the small tank at the foot of the model. The tank was drained to the 
laboratory,sump with 1” dia. hose.
t h r o u g h o u t  t h e  m o d e l .
Pig.
At one stage it was thought it would be advantageous to rise the 
cooling water temperature and thus increase the average temperature 
of the frame walls. The water system required to do so would 
however have been more complicated and the only gain would have been 
in a more accurate estimate of the co-efficient of expansion which did 
not warrant this further complication.
2.3*4* Instrumentation
a) Temperature measurement
Temperatures in the model were measured by means of thermocouples and 
a Foster direct reading potentiometer.
Thermocouples were made from 25 S.W.G. twin copper-constanton cable
insulated with P.V.C. The standard length of the cable was 14 ft.
One end of the cable was made into junction which was soldered and
insulated with a rubber sleeve on araldite.
Thermocouples were arranged in groups of three in the frame and in 
single positions in cross beams and foundation, '*
The thermocouples in cros3 beams were positioned centrally in the section 
of the beam one at one end and one at the centre. The positions of 
thermocouples in the frame are shown on sketch Fig. 47*
With the aid of fibre rods (Fig. 11), the groups of thermocouples were 
spaced correctly. In the side, walls of the frame the temperatures were 
measured at the centre of section and at both surfaces with embedded 
thermocouples. In the roof the position of the central thermocouple 
was changed to measure temperatures at the level of the heating mats J  in. 
above the soffit of the roof®
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There was 20 thermocouples in the cross beams, 42 in the side walls,
9 in the roof and 6 in the foundation* These were connected through 
50 - way and 25 - way double pole switches to the Foster potentiometer 
(Fig. 14 & 16). The potentiometer, calibrated for this type of 
thermocouple included its own reference junction and could be readio-g-°F# 
Six mercury thermometers provided checks on the temperature around the 
model•
b) Strain measurement
The surface strains were measured with demountable Demec gauge which 
v/as found satisfactory for this type of work*
The basic module of Demec points was 4 in* with variation in cross 
beams where vertical Demec points were spaced at 2 in. centres.
The positions of Demec points are shown on Fig. 17* Strain measurements 
were made in a vertical direction on side walls on both faces of the 
wall, and in later tests 8 horizontal readings at levels 9>10 and 11 
were taken to check oc (coefficient of expansion) values. The top 
and underside of the roof were also on a 4 in* grid. Xn early tests 
two lines of Demec points were glued one to either side of the cross 
beams to measure the overall movement of the model before the diameter 
gauge was devised. Demec points at 2 in. centres in vertical plane
glued to the crossbeams helped to establish oC values for cross beams.
c) Internal Diameter gauge
An internal diameter gauge was made of vitreocil glass pipe to which 
a Mercer gauge was fixed at one end and screwed steel pin at the other.
A normal Mercer gauge point was replaced by a specially made conical 
end which together with a steel pin on the other end fitted into Demec
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p o in t in d e n ta t io n s . The gauge was a d ju s te d  to  th e  r ig h t  le n g th  b e fo re  use 
and looked *.
The measurement was made between Detnec p o in ts  f ix e d  to  two o p p o s ite  
in t e r n a l  faces  o f  th e  m odel.
T h is  gauge proved to  be th e  most r e l ia b le  in s tru m e n t used in  th e  e x p e rim e n ta l 
w ork.
When not in  use th e  gauge was housed in  copper tube in  th e  c o rn e r o f  th e  
la b o r a to r y  away from  any p o s s ib le  d ra u g h ts ,
d )  E x te rn a l D e f le c t io n  Measurement
E x te r n a l d e f le c t io n s  w ere measured by M ercer d i a l  gauges f ix e d  to  th e  
re fe re n c e  fra m e . ( P ig .  15*16). Most o f  the gauges had -J i n .  t r a v e l  and were 
g rad u ate d  to  0 .0001  i n .
The re fe re n c e  fram e ( P ig .  15) c o n s is te d  o f  two open fram e c a n t i le v e r s  f ix e d  
to  th e  f lo o r  o f  th e  la b o r a to r y ,  and a s e r ie s  o f  arras p r o je c t in g  to  th e  model 
w ith  d i a l  gauge f ix e d  to  them . B rass s tu d s  1£ i n .  long  were f ix e d  to  th e  
e x te r n a l  faces  o f  th e  fram e s id e  w a lls  a c t in g  as b e a r in g  p la te s  f o r  th e  p in  
o f  th e  gauge.
A sep ara te  s t e e l  fram e was e re c te d  around th e  model to  sep ara te  i t  from  th e  
la b o ra to ry  and to  c a r ry  a h o r iz o n ta l  member w ith  a s e r ie s  o f  s h o rt arms w ith  
d i a l  gauges f ix e d  a t  th e  ends to  measure d is h in g  o f  th e  model r o o f .
In the later tests a diameter gauge similar to the one previously described 
with both ends terminating in a dial gauge was used to assess the movement 
of the top of the reference frame.
P o ly th en e  sheets were hung over th e  e x te r n a l fa c e s  o f  th e  s id e  w a lls  to  
p reve n t s p la s h in g  and to  s h ie ld  th e  re fe re n c e  fram e from  r a d ia te d  h e a t .
2.4« -E xperim enta l work 2.4*1 • In tro d u c t io n
The p re p a ra tio n  and in s tru m e n ta tio n  o f  th e  model f o r  t e s t in g  has 
a lre a d y  been d e s c rib e d  in  C hapter N o .2 . 3 . D u rin g  th e  t e s t in g  however a 
number o f im provem ents, developm ents and a d d it io n s  to o k  p lace  which changed 
th e  p a t te r n  o f  th e  s tan d ard  ta b le  o f  e x p e rim e n ta l re c o rd s . The procedure
and experimental analysis is demonstrated on test No* 8 as an examplef 
with an explanation of the variations in model behaviour and their 
significance.
2*4*2* Measurements
Fig. No. 18 shows the standard table of experimental records. Before 
the diameter gauge was designed and constructed (test No.5) internal 
diameter gauge and Demec gauge (cross-beams) columns were used to measure 
strains throughout the length of the cross-beams giving useful information 
to overall deflection at the level of the beams • Demec gauge (cross-beams) 
columns were used from test No. 8 to record vertical strains in cross-beams 
4)6,8 and 10 and to supply data on the coefficient of expansion for araldite 
coated beams. The other columns remained unaltered throughout the programme. 
From test No. 15 additional information of horizontal strains in the main 
frame at levels 9/1° an& 11 were recorded.
Fig. No. 18 is explained now in some detail. First row in the table 
shows the position of the groups of thermocouples as dimensioned in Fig.17 
starting with No.1 &Q nearest to the foundation. Letters R and RC mark 
the groups of thermocouples in the roof and centre of the roof respectively. 
Second row explains the position of thermocouples in the group, with A 
marking thermocouple near inner face of the wall, B centre of the wall and
C near the outer face of the wall. The numbers in cold and hot rows
§represent temperatures in F. Temperatures in crossbeams were recorded at 
the centre and one side of each beam.
The wall and roof strains were recorded in the last two figures of a Demec 
gauge reading ( i . e .  7 *45  recorded 4 5 ) starting with reading N.1 a t  the

Diag gauge and inner diameter gauge readings were also recorded as last
figures of the gauge reading. The positions of dial gauge studs are shown
on Fig. 17 and the position of internal diameter gauge readings are
identical with the positions of Demec points fixed to the inner face of
the walls in between which the readings were taken.
Dial gauge readings measuring movement of the foundation and deflection of 
the roof were recorded in all tests/ although not used.
2 . 4 *3 * C o r r e c t i o n s  t o  e x p e r i m e n t a l  r e s u l t s
1) Internal diameter gauge correction.
Deflections measured by the internal diameter gauge were corrected 
for the thickness of the side walls to enable calculated deflections 
to be directly compared.
The co-efficient of expansion qc was assessed for each test 
separately. Hence correction - 4*2 x oC per °F temperature change.
2) Internal diameter gauge bar expansion.
The expansion of the vitreocil glass pipe due to the changing 
temperature conditions in the laboratory was ignored. The gauge 
was housed normally in a copper tube in the corner of the laboratory 
free from draughts. The temperature in the laboratory was 
fluctuating, with largest fluctuations occurring between summer and 
winter, but since the coefficient of thermal expansion of vitreocil 
glass is small, even when compared with the co-efficient of thermal 
expansion of invar the omission of any correction could well be 
justified.
b o t t o m  o f  t h e  w a l l  a n d  n e a r e s t  t o  w a l l  B a t  t h e  r o o f .
3 )  C o r r e c t i o n  f o r  t h e  e x p a n s i o n  o f  s t u d s  f i x e d  t o  t h e  m o d e l  o f f e r i n g
hearing surface to the gauges measuring overall deflection.
The temperature of the studs may be taken with some approximation as
the temperature of the face of the wall to which the studs were fixed.
Length of studs » 1 .4 in.
—6 oCoefficient of expansion of brass = 10.7 x 10” per F
Correction = 0.15 x 10 ^ in. per °F temperature rise.
2.4*4® Testing procedure
a) Introduction
The form of experimental analysis described in this section has been 
adopted as standard procedure throughout the testing programme. Test No. 8 
has been singled out to explain the procedure in detail. Although the 
procedure for the remaining tests was identical the results are presented 
in the final graphical form to avoid repetition of tables.
The testing commenced early in the morning with the temperature 
reading followed by the all available strain and deflection readings.
The results were recorded in a specially prepared chart (Fig. 18). Frequent 
checks were made on the rise of tempei’ature and the shape of temperature 
gradient until such time when both stabilised. That usually happened late 
in the afternoon* The "hot" readings ©coupied about two hours and the 
temperatures were read twice at the beginning and the end of the set of 
readings, and the average was recorded.
b) Procedure
T he  n u m e r i c a l  a n a l y s i s  b e g i n s  w i t h  t h e  t e m p e r a t u r e  c h a n g e s .  T h e  a v e r a g e
temperatures refer to the temperatures in the cross beams measured at the 
centre and one end of the beam. The average of both readings represents 
temperature of a particular cross beam and the average temperature of the 
level or zone.
The gradient temperature refers to the face temperatures of the main 
frame with intermediate points through the thickness of the member to 
establish linearity of gradient before other readings were taken.
The walls of the main frame were divided into 15 zones each of 4 inches 
length with Demec points at the centre. These points were referred to as 
zones 1, 2 and 3 and consequently horizontal readings in the later test 
confirming coefficient of expansion values were referred to as zones 9? 10 
and 11.
Demec points fixed to both faces of th© cross beams longitudinally at 4” 
crs. established overall movement of the main frame prior to the construction 
of the special diameter gauge. The Demec points at 2" crs. fixed in 
vertical direction to the cross beams facilitate the estimation of coefficient 
of expansion which is closely related to the movement of the model due to 
average temperatures. The temperature graphs were first drawn through the 
available points provided by thermocouples (Fig. 19,20) and appropriate 
temperatures read from the graphs and tabulated (Table 1 & 2).
Out of 18 hot and an equal number of cold tests only some tests 
representing different heating conditions are included in this thesis as 
otherwise four graphs for each test would make the work unnecessarily bulky.
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Table 1
Face temperature* change (°F.)
Zone Inner Face °F Outer Face °F Average °F
1 + 12.7 - 1 . 6 5*5
2+ 14*3 - 2 .0 * 6 .1
3+. 15-4 - 2.4 6.5
4+ 16.5: 2.8 6.8
5+ 17.5 - 3*4 7.0
6+ 18.6 - 3.6 7-5
7+ 19 .2 «ss* 4-0 7.6
8+ 19 .8 - 4.2 7.8
9+ 20.2 - 4.5 7.8
10+ 20.5 - 4*6 7.9
11+ 20.8 - 4.8 8.0
12+ 20.8 - 5.0 7*9
13+ 20.5 cat 5*2 7.6
Roof gradient 33«5°F. Average temperature 14°F*
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Average temperature rise of cross-beams
  ■■ a r a ■*—-—T —i ■-— i----------------- 1-------f  t m ir f i i i . ■  i - 7 > h < n un ■« mu
Beam Temp. Temp. Biff. Average Strain ecx 10~
W s (Hot) (Cold) Demec . „ -6
°F F F reading 1U
1. 72.4 62.5
2 . 76-9 62.5
3. 82.4 62.5
4. 86.5 62.5 23 .0 4.6 1 1 5  5.0
5. 87.5 62.5
6. 88.0 62.5 2 5 .5 5.8 145 5 . 7
7 . 88.7 62.5
8. 89.3 62.5 26.8 6.0 150 5.6
9. 89.2 62.5
1 0 . 90.0 62.5 2 7 .5 6.7 168 6 . 1
T a b l e  2
- 6
22 .4
p p  A
Average coefficient of expansion « 5*6 x 10"
Table 3 shows the derivation of average Demec readings in the main 
frame walls based on four readings on each face at each level.
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Table 3 
Vertical Demeo Readings 
(In Demeo divisions).
di do
Zone Inner face 
Wall A & B
4 readings 
Average 
inner face
Outer Face 
Wall A & B
4 readings 
Average 
outer face.
1+ 8.5 2.12 1.0 0.25
2+ 5®5 1.37 10.0 2.50
3+ 4.0 • 1.00 13.5 3.37
4+ 3.5 0.87 • 16.0 4.00
5+ 3.0 . 0.75 15 .0 3.75
6+ 9®o 2 .25 . 13.5 3.37
7+ 12.0 3.00 16.5 4.12
8+ 10.0 2.50 14.5 3®83
9+ 8.5 2.12 < 14.0 3.67
10+ 7-5 1.87 10.5 2.63
11+ 4.5 1.12 20.0 5.00
12+ 0 0 22.5 5.62
1 > - 24.0 6.00
14+ — 3.0 0.75
To deduce the coefficient of expansion, average temperatures of the
main frame walls w©r© used as tabulated in Table (1)® Coefficient
of expansion = average of face strains
Average temperature
A 4" Demec gauge was used with gauge factor 2 x 10r5
Average strain equals do + di x  2  x  10r 5
C>£
<*T
(do +. Ail 
2 x tav
( d o  + d i )
10'r 5
x  10'- 6
57
Table 4* 
oc a Coefficient of expansion
Zone do + di Average temp. F oc x 10
1 + 2.37 5.5 4.3
2+ 3.87 6.1 6.35
3+ 3-37 6.5 5.20
4+ 4.87 6.8 7.15
5+ 4.50 7.0 8.45
6+ . 5.82 7.5 7.50
7+ 7*12 7.8 9.40
8+ 6.33 7.8 8.15
9+ 5.79 7.8 7*45
10+ ; 4.50 7.9 5.73
11+ 6 . 12 . 8.0 7.65
12+ 5.62 7.9 7.12
Since points 1+, 2+, 3+ and 12+ are influenced by continuity
to a much higher degree than middle zones they are ignored when 
average coefficient of expansion is assessed in all presented tests*
-6 oAverage ©c ** 7*45 x 10 / F.
Deflections were measured by an internal diameter gauge. Table No< 
shows the results.
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T a b l e  5
D e f l e c t i o n s
Sone Reading , 
in x 1 0 '
Radial 
Deflection 
in x 10~4
Wall 
Thickness 
Correction 
in x 1 0 " 4
Outer Face 
Deflection 
in x 10
1 17 ' 8*5 1*7 10 .2
2 ’’ 26 13 1*9 14*9
3 40 20 2.0 22.0
4 49 24*5 2 . 1 26.6
. 5 59 29*5 ■ 2 .2 31*7
6 66 33 . 2.3 3 5 * 3 !
7 71 35*5 2.3 •• 37 *8
8 68 34 2.4 36.4
9 69 34*5 2*4 36.9
10 73 36.5 2.4 38*9
1 1 74 37*0 2*5 39*5
12 71 35*5 2*5 38.0
13 65 32.5 2.4 34*9
The wall thickness corrections applied to the radial deflections 
relate deflections to the outer face of the model and were explained 
in paragraph 2.4*3*
The deflections are shown on Fig. .21.
Longitudinal stresses quoted in table 6 are stress per unit E«value 
and can more correctly be described as strains attributed to stress or 
stress-strains. This v/as the most convenient form to compare the results 
of analytical and experimental work since the value of E was undetermined. 
All stress-strains are termed "stresses” throughout this work and are 
nondimensional• "Stress" graphs are therefore in the units of stress per 
unit E value. ( Fig. 22).
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T ab le  6 61
Longitudinal stresses
Zone
O u ter F ace
20 x  10”" 
x  O uter  
Demec 
re a d in g s
oc t  
o u te r G Tis
I n n e r  Face
20 x  10 
x  In n e r  
Deraec 
re a d in g s
-6 oc t  
in n e r
.0
1+ 5 - 1 2 17 42.4 94 -5 1 . 6
2+ 50 -15 65 27-4 107 -79-6
3+ 67.4 - 1 8 85*4 20 115 -95-0
4+ 80.0 -2 1 10 1 . 0 17.4 123 - 105 .6
5+ 75*0 -25 100.0 15 .0 130 - 1 1 5 . 0
6+ 67.4 -27 94.4 45.0 138 -93.0
7+ 82,4 -30 112.4 60.0 143 -83.0
8+ 7 6.6 -3 1 . 2 107.8 50,0 148 -98.0
9+ 73.4 “33.5 106.9 42.4 151 - 108.6
10+ 52.6 -34.2 86.8 37.4 153 - 1 1 5 . 6
1 1 + 100.0 “35*7 135*7 22.4 154 - 1 3 1 . 6
12+ 112.4 “37*2 149.6 0 154 -154.0-
13+ 120.0 - 38.6 158.6 — —
Calculation is based on total measured strain minus
a t t r ib u t e d  to  the  te m p e r a tu r e Z o n e  one f o r  example shows 5 - ( - 12) = 17 
and 42*4 - 94 =* - 5 1 *6*
Go -  com pressive s tre s s  
GT -  T e n s ile  s t r e s s .
2 .5 * 1 *  In t r o d u c t io n
The c o e f f ic ie n t  o f  expansion  f o r  th e  s id e  w a lls  was o b ta in ed  from  
m easuring th e  u n re s tra in e d  v e r t i c a l  movement o f th e  m odel. The average  
s tre s s  a t  each zone o f  th e  w a ll  c o n s is te d  o f  th e  mean v a lu e  o f  a c tu a l  
s t r a in s  measured a t  th a t  l e v e l ,  w h ile  average te m p era tu re  of th e  zone 
was re p re s e n te d  by a c tu a l mean te m p era tu re  o f  bo th  fa c e s  o f  th e  member 
a t  th a t  l e v e l .  The c o e f f ic ie n t  so o b ta in e d  cannot be term ed th e  
c o e f f ic ie n t  o f th e rm a l expansion s in ce  i t  in c o rp o ra te s  o th e r  in f lu e n c e s  
and w i l l  be c a l le d  " c o e f f ic ie n t  o f  expansion" (efi) th ro u g h o u t t h is  w ork .
I t  w i l l  be no ted  th a t  f o r  each t e s t  such a c o e f f ic ie n t  is  o b ta in e d  
s e p a ra te ly  and the  a c tu a l v a lu e  v a r ie s  c o n s id e ra b ly -b e tw e e n  th e  t e s t s .
The c o e f f ic ie n t  o f  expansion  is  n ev er used on i t s  own bu t as product o f  
oC t  and , s in ce  i t  is  o b ta in e d  from  th e  s t r a in  and te m p e ra tu re , th e  a c tu a l  
n u m erica l v a lu e  is  n o t th a t  im p o r ta n t, and can v a ry  from  t e s t  to  t e s t .
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2 . 5  V a r i a t i o n s  i n  m o d e l  b e h a v i o u r
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C o e f f i c i e n t s  o f  e x p a n s i o n  o f  t h e  m a in  f ra m e  
o b t a i n e d  f ro m  t h e  t e m p e r a t u r e  g r a d i e n t
T a b l e  N o . 7  .
T e s t  No
C o e f f i c i e n t  o f  
e x p a n s i o n  >
1 5*60 x 10~6
1-2 5*60
2 5*60
3 5*30
3-4 6.75
4 5*50
5 5*60
6 4*48
6-7 6 . 2 5
7 5 *60
7-8 4-10
8 7*45
8-9 4*9
10 5*8
10-11 5*8
11 4*72
11-12 5*68
12 4*26
12-13 5*02
13 4*22
13 1^4 4*22
14 5*03
15 3*62
16 2.83
18
6 4
2.5*2. Coefficient of expansion of main frame.
A wide variation in the coefficient of expansion could have easily
been caused by the moisture condition of the side walls. A higher
moisture content would increase the measured strains resulting in higher 
oc (coefficient of expansion) values. This is demonstrated in tests 3-4 
and 6-7 (Table 7)*
Test No. 3 shows an average value for the coefficient of expansion, 
mainly due to the spraying of the model for 16 hours prior to test No.3*, 
which produced just about uniform moisture oontent in the short time taken 
by the test. High strain readings in the return test 3-4 and high oc values 
were influenced by the drying of the model for a period of three weeks with 
strain and temperatures being read in three weeks interval.
The five week time lag between test 6-7 produced again high strain
readings and large coefficient of expansion.
\
Only nominal wetting in test No. 7 resulted in average oc value and 
prespraying for test No. 8 shown rather low value of the coefficient for 
test No. 7-8.
The sudden absorption of moisture in test No. 8 cannot be easily 
explained unless the unusually, high value was influenced by the temperature 
readings. (After this test batteries were changed in the Foster potentiometer 
and it is possible that weak batteries produced low temperature readings en 
block.) Further wetting lead to the low value of the coefficient in test 
No. 8-9®
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C o n tin u o u s  t e s t  15 t o  17 p ro d u c e d  r a t h e r  a  low  c o e f f i c i e n t  o f  
e x p a n s io n  and th e  o n ly  t e s t s  w i th  h ig h e r  v a lu e  i n  th e  l a s t  s i x  t e s t s
w as t e s t  14 w hich  was a  w e t t e s t .
The v a lu e  o f  th e  c o e f f i c i e n t  o f  e x p a n s io n  c o u ld  a l s o  be a f f e c t e d  by  
te m p e ra tu re  r e a d in g  e s p e c i a l l y  i n  t e s t s  w here  s t r a i n s  and  te m p e r a tu r e s  
w ere  s m a l l .  The a c c u ra c y  o f  th e  te m p e ra tu re  r e a d in g  to  1 °F . a s  w e l l  a s  
th e  s t r a i n  r e a d in g s  to  h a l f  o f  th e  d i v i s i o n  ©f th e  Demec gauge was 
in a d e q u a te  i n  su ch  c a s e s .
I t  v/as f e l t  t h a t  m ore pow er s h o u ld  have  b e e n  u s e d  t o  p ro d u ce  m ovem ents 
l a r g e  enough  and te m p e r a tu r e s  h ig h  enough f o r  th e  a c c u ra c y  o f  th e  
in s t r u m e n ts .
From t e s t  1 2 -1 3 , pow er a p p l i e d  to  th e  m odel 7/as re d u c e d  p ro d u c in g
lo v /e r  te m p e r a tu r e s .  T h is  i s  a l s o  th e  p o in t  when th e  c o e f f i c i e n t  o f
e x p a n s io n  a l t e r e d  d r a s t i c a l l y  to  th e  a v e ra g e  o f  4 x  10 ^ / ° F .
2 .5 * 3 *  C o e f f i c i e n t  o f  e x p a n s io n  o f  c ro s s -b e a m s
The c o a t i n g  o f  t h e  c ro s s -b e a m s  w ith  A r a ld i t e  v/as e x p e c te d  to  k eep  
th e  m o is tu re  c o n te n t  s te a d y  an d  i t  can  be se e n  from  th e  oc v a lu e s  (T a b le  & ) 
t h a t  t h i s  w as, w i th  a  few  e x c e p t io n s ,  th e  c a s e .  F o r th e  e a r l y  t e s t s  th e  
c o e f f i c i e n t  o f  e x p a n s io n  c o u ld  n o t  b e  p ro d u c e d  and  th e  a v e ra g e  o f  l a t e r  
t e s t s  was g e n e r a l l y  u s e d .
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T a b le  8
C o e f f i c i e n t  o f  e x p a n s io n  o f  c ro B s-b eam s
T e s t oc V alue  
x  10” °
T e s t oc V a lu em h
x 10 0
T e s t oc V a lu e  
x  10“ b
1 5 .6 0 6 -7 5 ° 60 11-12 5 .7 0
1-2 5 .6 0 7 5 . 6O 12 6 .7 2
2 5 .6 0 7 -8 5*60 1 2-13
3 5 .6 0 8 5 .6 0 13 7° 35
3 -4 5 * 60 8 -9 > 9 0 2 3 -1 4 7,* 35,
4 5*60 • 10 6 .0 5 14 5*60
5 5 .6 0 10-11 4*9 .15- 6 .0 0
6 5*60 11 5*32 16
18
5*25
3 -8 0
M arked e x c e p t io n s  a r e  u n d e r l i n e d .
I t  w i l l  be  n o te d  t h a t  i n  th e  t e s t s  ( u n d e r l in e d  i n  th e  l a s t  co lum n) 
te m p e r a tu r e s  w ere  v e iy  lo w , an d  an y  o th e rw is e  i n s i g n i f i c a n t  r e a d in g  e r r o r  
c o u ld  p ro d u c e  l a r g e  v a r i a t i o n s  i n  th e  v a lu e  o f  th e  c o e f f i c i e n t  o f  
e x p a n s io n .
2 . 5 . 4 . M o is tu re  movement
Even b e f o r e  th e  program m e w as u n d e r ta k e n  i t  h a s  b e en  r e a l i s e d  t h a t  
i t  w ou ld  be  p r a c t i c a l l y  im p o s s ib le  to  s e p a r a te  a l l  m o is tu r e  m ovem ents from  
th e  te m p e ra tu re  e f f e c t s .  H ow ever t o  p ro v id e  r e a s o n a b le  a s s u r a n c e  t h a t  a t  
l e a s t  c o n s e c u t iv e  t e s t s  w ou ld  be  f r e e  from  th e  m o is tu r e  movement a s  f a r  a s  
o v e r a l l  movement o f  th e  m odel was c o n c e rn e d  th e  c ro s s -b e a m s  w ere  c o a te d  
w i th  a r a l d i t e .  V a r i a t i o n  o f  th e  m o is tu r e  c o n te n t  i n  th e : s id e  w a l l s  and
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r o o f  c o u ld  n o t  be p r e v e n te d  a l th o u g h ,  to  m in im ise  th e  e f f e c t ,  t h r e e  
s id e s  o f  th e  members w ere  v a r n i s h e d  l e a v i n g  one s id e  open  to  e i t h e r  th e  
flo w  o f  w a te r  o r  d r y in g  a i r *
The e f f e c t  on th e  d e f l e c t i o n  r e s u l t s  o f  m o is tu re  movement i n  th e  
m ain  fram e  was fo u n d  to  be c o m p a r a t iv e ly  s m a l l .  The th i c k n e s s  o f  th e  
s id e  w a l l s  i n  co m p ariso n  w i th  th e  i n t e r n a l  r a d iu s  o f  th e  m odel was 
a p p ro x im a te ly  1 : 5*5* The o v e r a l l  d e f l e c t i o n  o f th e  m odel w ould  be 
a f f e c t e d  b y  o n ly  10% a p p ro x im a te ly  i f  th e  c o e f f i c i e n t  o f  e x p a n s io n  f o r  
s id e  w a l l s  w as h a lv ed *
The m o is tu re  movement c o r r e c t i o n  v/as a u to m a t i c a l l y  i n c o r p o r a t e d  i n  ^ v a l u e s  
f o r  e a c h  t e s t  when s t r e s s e s  w ere  c o n s id e r e d .  The m o is tu re  f l u c t u a t i o n  i n  
th e  r o o f  member c o u ld  ho w ev er e f f e c t  th e  d e f l e c t i o n s  a t  th e  to p  o f  th e  
m o d e l.
A s e c t i o n  o f  th e  r o o f  7” b y  12" p r e s e n te d  a  s u b s t a n t i a l  volum e v/hen 
com pared  w i th  o t h e r  m em bers o f  th e  m odel and  i t  was assum ed  t h a t  th e  s h o r t  
d u r a t i o n  o f  " h o t"  t e s t s  e l im in a te d  th e  p o s s ib l e  e f f e c t s  o f  m o is tu r e  
m ovem ent. The e f f e c t  o f  " c o ld "  t e s t s ,  c o n t in u in g  in . some c a s e s  f o r  
s e v e r a l  w eek s , w i l l  be v /a tch ed  when c o m p arin g  a n a l y t i c a l  and  e x p e r im e n ta l  
d e f l e c t i o n s .
2 .5*5*  C reep  o f  c o n c r e te
To e l im in a te  c re e p  o f  th e  c o n c r e te  and a v o id  th e  i n t r o d u c t i o n  o f  a  
c o m p lic a te d  s e p a r a t e  programme th e  t e s t s  w ere  c a r r i e d  o u t  i n  th e  s h o r t e s t  
p o s s i b l e  t im e . A lth o u g h  th e  tim e  c o u ld  n o t  be re d u c e d  below  n in e  h o u rs  
th e  low  te m p e r a tu r e  g r a d i e n t s  and  c o n s e q u e n t ly  low s t r e s s e s  made t h i s  
a s s u m p tio n  p o s s i b l e .  T h e re  i s  no  d o u b t t h a t  some c re e p  to o k  p la c e  d u r in g
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s h o r t  t e s t s ,  c re e p  c o u ld  be ig n o re d  i n  e a c h  t e s t .
2 .5 * 6 .  T e m p e ra tu re  v a r i a t i o n s
I t  h a s  b een  n o te d  t h a t  a f t e r  summer v a c a t io n s  1982 th e  te m p e r a tu r e
o f  t h e  s id e  w a l l s ,  p r e v io u s ly  v e r y  c l o s e ,  b eg an  t o  d i f f e r  and  t h i s ,
i r r e s p e c t i v e  o f  s e v e r a l  c h e c k s  o f  t h e  e q u ip m e n t, c o u ld  n o t be c u r e d .  The
a v e ra g e  o f  te m p e r a tu r e  r e a d in g s  and  s t r a i n  r e a d in g s  w ere u s e d  f o r  b o th
w a l l s  so t h a t  th e  r e s u l t s  w ere n o t  a f f e c t e d .
The f a u l t  was f i n a l l y  ( t e s t  18) fo u n d  to  be due t o  a  lo o s e  c o n n e c t io n
o f  t h e  w ire  s u p p ly in g  pow er t o  th e  s id e  w a l l  o f  t h e  f r a m e .
2 .6 .  S ig n i f i c a n c e  o f  v a r i a t i o n s  i n  m odel b e h a v io u r
The p re v io u s  d i s c u s s i o n  o f  v a r i a t i o n  i n  th e  m odel b e h a v io u r  l e d  t o
th e  a p p r e c i a t i o n  o f  th e  d i f f i c u l t i e s  o f  m odel a n a l y s i s .
T h ese  d i f f i c u l t i e s  w ere  f u l l y  d e s c r ib e d  and  i t  i s '  hoped  to  e x p l a i n
th e  s o u rc e  and s i g n i f i c a n c e  o f  e ach  o f  them  i n  t u r n .
2 . 6 . 1 .  C o e f f i c i e n t  o f  e x p a n s io n  (cC )
.T h e  p re v io u s  p a ra g ra p h  d e s c r ib e d  th e  d i f f i c u l t i e s  e n c o u n te re d  in
a s s e s s i n g  th e  v a lu e  o f  th e  c o e f f i c i e n t .  S in c e  th e  v a lu e  o f  ©£ b e in g
r e l a t e d  t o  th e  a v e ra g e  s t r a i n s  an d  te m p e r a tu r e s  o f  th e  w a l l s  a l r e a d y
i n c o r p o r a t e s  a  c o r r e c t i o n  f o r  t h e  m o is tu re  c o n te n t  o f  t h e  s id e  w a l l s ,
th e  a c t u a l  n u m e r ic a l  v a lu e  i s  n o t  v i t a l  in  th e  p ro c e d u re  u s e d  i n  t h e
a n a l y s i s  o f  e x p e r im e n ta l  d a t a .
The c o e f f i c i e n t  o f  e x p a n s io n  i s  fo u n d  s e p a r a t e l y  f o r  e a c h  t e s t  an d
t h e n  i t  i s  u s e d  to  o b ta in  th e  s t r e s s e s  from  th e  e x p r e s s io n  s t r e s s  = f a c e
E/
s t r a i n  -  oct . The same c o e f f i c i e n t  i s  u s e d  a g a in  i n  t h e  m a th e m a tic a l  
a n a l y s i s .
t h e  t e s t i n g  p r o g r a m m e ;  h o w e v e r ,  h y  d i v i d i n g  t h e  p r o g r a m m e  i n t o  s e p a r a t e
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‘The w ide v a r i a t i o n  o f  t h e  c o e f f i c i e n t  was r a t h e r  u n e x p e c te d  a t  th e  
t im e .  However th e  c o e f f i c i e n t  when u s e d  i n  t h e  m anner d e s c r ib e d  i n  t h i s  
w ork i s  n o t  o n ly  r a t i o n a l ,  d e t r a c t i n g  n e i t h e r  from  t h e  s i g n i f i c a n c e  o f  th e  
r e s u l t s  o r  c o n c lu s io n s ,  b u t  t h e  o n ly  way o f  d i s r e g a r d i n g  a  num ber o f  
s u p e r im p o s in g  v a r i a b l e s  o th e rw is e  i n s u p e r a b l e .
2 .6 * 2 . C reep
I n  th e  c o n te x t  o f  i n d i v i d u a l  t e s t s  c r e e p  h a s  b e e n  ig n o re d  a s  e x p la in e d  
i n  p a ra g ra p h  2 .5*5*  T t i s  assum ed  t h a t  th e  e f f e c t  o f  c r e e p  a l th o u g h  
e x i s t i n g  i s  s u f f i c i e n t l y  s m a ll  t o  be n e g l e c t e d .
2 .6 .3 *  Demec r e a d in g  e r r o r
Random Demec e r r o r s  c a n  a lw ay s  be s e e n  b y  i n s p e c t i n g  th e  r e s u l t s  and 
w i th  some c a r e  e l i m i n a t i o n  o f  e r r o r s  was p o s s i b l e .  H ow ever t h e  num ber ‘o f  
r e a d in g s  a t  e a c h  l e v e l  h a s  i t s  p re d o m in a n t e f f e c t  on t h e  a v e ra g e  r e s u l t  and  
i t  i s  f e l t  t h a t  t h i s  num ber s h o u ld  h av e  b e e n  in c r e a s e d  o r  ev en  d o u b le d . 
2 .6 .4 *  E r r o r - i n  te m p e r a tu r e  r e a d in g
W ith a  F o s t e r  d i r e c t  r e a d in g  p o te n t io m e te r  c a l i b r a t e d  i n  5°F* u n i t s ,  
r e a d in g s  w i th  accurac}*- t o  1 °F . was a l l  one c o u ld  hope f o r .  R a th e r  low  
te m p e r a tu r e s  in c r e a s e d  th e  l a c k  o f  p r e c i s i o n  and th e  r e s u l t s  may v e r y  w e l l  
a c c o u n t f o r  th e  f l u c t u a t i o n s  o f  o c  -  v a l u e s .
2 .7  T h e o r e t i c a l  c o n s i d e r a t i o n s  ( s i m p l i f i e d  m odel)
2 .7 * 1 *  I n t r o d u c t i o n
The n u m e r ic a l  a n a l y s i s  was b a s e d  on th e  m ethod o f  i n f l u e n c e  c o e f f i c i e n t  
(R ef» 1 7 )+  The m ethod c a n  be sum m arized  a s  f o l l o w s s -
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!  The s t r u c t u r e  w as d iv id e d  i n t o  f o u r  " f r e e "  com ponen ts whose
b e h a v io u r  can  be a n a ly s e d  (o n e  r o o f  beam , tw o e q u a l  beam s fo rm in g  
th e  h e ig h t  o f  th e  m odel and  one fo u n d a t io n  b eam ).
2 . D e fo rm a tio n s  an d  s t r e s s e s  due t o  th e  lo a d in g  sy s te m s  a c t i n g  on th e  
i n d i v i d u a l  com ponen ts  w ere  e v a lu a t e d .
3 . The c o n t i n u i t y  r e s t r a i n t s  a t  t h e  j u n c t i o n s  b e tw een  t h e  com ponen ts 
r e q u i r e d  t o  r e s t o r e  g e o m e t r ic a l  c o m p a t i b i l i t y  w ere d e te rm in e d .
4 . The f i n a l  s o l u t i o n  c o n s i s t e d  o f  th e  sum m ation o f  p o i n t s  2 an d  3 .
The e f f e c t  o f  e x t e r n a l  lo a d in g  sy s tem  on th e  " f r e e "  u n i t s  and  t h e i r
i n d i v i d u a l  f l e x i b i l i t i e s  w ere  d e te r m in e d . The g a p s  b e tw e e n  th e  com ponen ts 
p ro d u c e d  by  th e  a p p l i c a t i o n  o f  an  e x t e r n a l  lo a d in g  t o  th e  " f r e e "  u n i t s  can  
be c lo s e d  by  th e  b e n d in g  moment and  s h e a r  f o r c e s  ( c o n t i n u i t y  f o r c e s )  a p p l i e d  
a t  t h e  j u n c t io n s  b e tw een  th e  co m p o n en ts . To c lo s e  th e  g a p s ,  d e fo rm a t io n s  
due t o  t h e  c o n t i n u i t y  f o r c e s  and  moments m ust e q u a l  th o s e  due t o  e x t e r n a l  
lo a d in g  sy s te m .
The moments and  s h e a r  f o r c e s  r e q u i r e d  t o  r e s t o r e  c o n t i n u i t y  o f  t h e
s t r u c t u r e  w ere c a l c u l a t e d  from  th e  m a t r ix  e q u a t io n  FX + WT » 0 
—1X » ( - F  W)T w here F r e p r e s e n t s  f l e x i b i l i t i e s ,  X = c o n t i n u i t y  r e s t r a i n t s ,
W- th e  e f f e c t  o f  t h e  lo a d in g  sy stem  on th e  " f r e e "  com ponen ts and  T = lo a d in g  
s y s te m .
To o b ta in  th e  e f f e c t  o f  th e  te m p e r a tu r e  g r a d i e n t  on th e  " f r e e "
com ponent o f  th e  s t r u c t u r e  i t  was n e c e s s a r y  t o  su p e r im p o se  th e  f ix e d  end
c o n d i t io n  w here th e  beam re m a in s  f r e e  o f  a l l  d e fo rm a tio n s  and r e s t r a i n t
2moment e q u a ls  E o c t c  p , on th e  r e l e a s e  moments. The r e l e a s e  moments a r e
1 2
edge moments e q u a l  b u t. o p p o s i te  t o  t h e  r e s t r a i n t  m om ent, p ro d u c in g
™  —     —  ______
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d e f l e c t i o n  and  b e n d in g  moment th r o u g h o u t  th e  l e n g th  o f  t h e  co m p o n en t. The 
average te m p e ra tu re  a c t i n g  on th e  " f r e e "  com ponent p ro d u c e d  d e f l e c t i o n s  
o b ta in e d  d i r e c t l y  from  th e  e q u a t io n  -  R o c t a .  a ssu m in g  th e  a v e ra g e  
te m p e r a tu r e  f u n c t io n  to  be l i n e a r .
S in c e  th e  e f f e c t  o f  th e  c o n t i n u i t y  moments was s i m i l a r  t o  th e  e f f e c t  
o f  th e  r e l e a s e  moments a c t i n g  on th e  com ponent i t  was c o n v e n ie n t  t o  ad d  
them  t o g e t h e r  fo rm in g  m a t r ix e s  P and B . ' M a tr ix e s  P and  B r e f e r  to  u p p e r  
and  lo w e r  beam r e s p e c t i v e l y .
The c o n s ta n t s  ( i n  te rm s  o f  x - v a lu e s )  o f  th e  beam on th e  e l a s t i c  " :
f o u n d a t io n  e q u a t io n  w ere  fo u n d  and  e x p r e s s e d  i n  m a t r ix  form  (M a tr ix  N)
A t th e  same tim e  d e f l e c t i o n s  and  moments a t  6 p o in t s  c h o se n  up  th e  l e n g t h
o f  th e  beam w ere c a l c u l a t e d  from  th e  e q u a t io n s  and  e x p r e s s e d  i n  m a t r ix
form  -  m a t r ix  $  and  M • The a c t u a l  p r o f i l e s  o f  d e f l e c t i o n  and moment due to
c o n t i n u i t y  r e s t r a i n t s  an d  end  r e l e a s e  moments w ere  c a l c u l a t e d . ( 4  « c /  x  N
x  P) and  moment . -  M x  N x  P ) f o r  12 p o i n t s  up th e  h e ig h t  o f  th e  m odel and  
E -  v y  •
e x p r e s s e d  a s  m a t r i c e s  C & D r e s p e c t i v e l y .
F o r  t h e  c o m p le te  s o l u t i o n  th e  f r e e  e x p a n s io n  due t o  th e  mean 
te m p e r a tu r e  change  i n  t h e  m odel an d  f u l l  f i x i t y  moments due t o  te m p e r a tu r e  
g r a d i e n t  w ere  ad ded  a t  a l l  s e l e c t e d  p o in t s  up  th e  h e ig h t  o f  th e  m o d e l. The 
r e s u l t s  o f  t h i s  o p e r a t i o n  a r e  shown a s  m a t r ic e s  E & G- w h ich  when m u l t i p l i e d  
by  te m p e r a tu r e  m a t r ix  T and a p p r o p r i a t e  c o e f f i c i e n t  o f  e x p a n s io n  ('<*0 p ro d u ce  
f i n a l  d e f l e c t i o n s  and b e n d in g  m om ents. The p ro c e d u re  c a n  be e x p r e s s e d  a s  
A = < ^ x N x P x T  w here 3*-  d e f l e c t i o n  i n  te rm s  o f  
c o n s t a n t s ,  N = c o n s t a n t s  i n  te rm s  o f  u n i t  x s ,  P -  x  i n  te rm s  o f  u n i t  
t e m p e r a t u r e ,  T « a c t u a l  t e m p e r a tu r e .
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1 . S e l f  w e ig h t o f  th e  s t r u c t u r e  was n e g le c t e d .
2 .  T e m p e ra tu re  g r a d i e n t s  w ere  assum ed ' l i n e a r  th r o u g h  th e  t h i c k n e s s  o f  th e
s id e  w a l l s  and  t h e  r o o f .
3 .  A verage te m p e r a tu r e s  and t e m p e r a tu r e s  o f  th e  f a c e s  o f  members w ere  
assum ed a s  s t r a i g h t  l i n e s  th ro u g h  th e  e x p e rim en ta l... p o i n t s .
4® The w a l l s  o f  th e  m odel w ere  d iv id e d  i n t o  two e q u l l  p a r t s  and  th e
g r a d i e n t  and a v e ra g e  te m p e r a tu r e  o f  th e  w a l l s  w ere  assum ed l i n e a r  i n
♦>.
e a c h  p a r t .  A lth o u g h  su d d en  d i s c o n t i n u i t y  c o u ld  n o t  o c c u r  in  p r a c t i c e  
t h i s  a s s u m p tio n  a l lo w s  some freedom  i n  t h e  c h o ic e  o f  s t r a i g h t  l i n e s  t o  
m atch  a  p r a c t i c a l  d i s t r i b u t i o n *
5* The e f f e c t  o f  c r e e p  was n o t  c o n s id e r e d  s in c e  t e s t s  w ere c a r r i e d  o u t i n  
s h o r t  sp a c e  o f  t im e .
6 .  The s h r in k a g e  w as c o n s id e r e d  o n ly  w i th  r e s p e c t  t o  v a lu e s  o f  th e  
c o e f f i c i e n t  o f  e x p a n s io n .  T h is  was e x p la in e d  i n  c h a p te r  2 . 6 . 1 .
7 . The c o n c r e te  s t r u c t u r e  was assum ed to  be  hom ogeneous an d  u n c ra c lc e d , and
no a llo w a n c e  w as made f o r  th e .  r e in f o r c e m e n t  i n  th e  fo u n d a t io n  and th e  
s m a ll  amount o f  r e in f o r c e m e n t  in  r o o f  and j u n c t i o n  o f  r o o f  and  t h e  
w a l l s .
8 .  The u s u a l  a s s u m p tio n s  o f  s t r e s s  a n a l y s i s  t h a t  d e fo rm a t io n s  a r e  s m a ll
and  t h a t  d e fo rm a tio n s  due t o  e l a s t i c  s h e a r  s t r a i n :  a r e  n e g l i g i b l e  w ere
u s e d .
9 .  The th e o r y  o f  beam s on a n  e l a s t i c  f o u n d a t io n  a s  a p p l i e d  t o  t h i n  c y l in d e r s  
h a s  b e e n  u se d  th ro u g h o u t  t h e  c a l c u l a t i o n s .
2 . 7 * 2 .  A s s u m p t i o n s
7 3
1 0 . The s id e  w a l l s  w ere  assum ed to  e x te n d  b e tw een  u p p e r  s u r f a c e  o f  th e
. f o u n d a t io n  and th e  p la n e  o f  th e  u n d e r s id e  o f  th e  r o o f  beam . A ccount
was ta k e n  o f  t h e  e c c e n t r i c i t y  o f  th e  c o n t i n u i t y  r e s t r a i n t  and
d e fo rm a tio n s  a t  t h e  j u n c t i o n s  w i th  r e s p e c t  t o  th e  c e n t r e  l i n e s  o f  th e  
end  m em bers.
1 1 . A l l  te m p e r a tu r e  d i s t r i b u t i o n s  w ere assum ed to  be sy m m e tr ic a l a b o u t th e  
v e r t i c a l  a x i s  o f  t h e  m o d e l.
2 .7 .3 *  S ig n  c o n v e n tio n
I n  th e  n u m e r ic a l  a n a l y s i s  tw o in d e p e n d e n t s ig n  c o n v e n t io n s  w ere 
a d o p te d  e a c h  q u i t e  s a t i s f a c t o r y  f o r  th e  c a l c u l a t i o n s  f o r  w h ich  i t  was 
r e q u i r e d .
No s in g l e  c o n v e n t io n  c o u ld  be u s e d  and  th e  in te r c h a n g e  o f  c o n v e n t io n s  
a l th o u g h  cumbersome d id  n o t  p ro v e  s p e c i a l l y  d i f f i c u l t .  By c a l c u l a t i n g  
beam f l e x i b i l i t i e s  i n  th e  beam c o n v e n t io n  t r a n s l a t i o n  t o  g e n e r a l  n o t io n  
was n e ed e d  b e f o r e  th o s e  s i n g l e  f l e x i b i l i t i e s  c o u ld  be f e d  i n t o  th e  
f l e x i b i l i t y  m a t r ix .  A g a in  b e f o r e  d e f l e c t i o n s  and moment p r o f i l e s  f o r  th e  
beam s c o u ld  be c a l c u l a t e d  x  v a lu e s  h ad  t o  be c o n v e r te d  t o  th e  beam n o t a t i o n .  
S ig n  c o n v e n t io n s  a r e  shown in  F ig .  23*
\
a ' £ 7 V £ / F A  Z A / O 7 A 7 / 0 A /
X a  2
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2*7*4+ N o ta t io n s  
a : t h i c k n e s s
I  moment o f  i n e r t i a
><■ c h a r a c t e r i s t i c  o f  th e  s t r u c t u r e
y  d i s t a n c e  up  th e  w a l l
A ,B ,C ,D , a r b i t r a r y  c o n s t a n t s  i n  th e  e q u a t io n s  o f  beam on e l a s t i c  f o u n d a t io n
X l,X p , The edge lo a d in g  assum ed to  a c t  on th e  beam (beam  n o t a t i o n )  
e t c .
S', X* H o r iz o n ta l  d e f l e c t i o n  a t  th e  en d  A o f  th e  beam due t o  a  u n i t  
A 1
<?Ax1 lo a d  o r  x^
The r o t a t i o n  a t  t h e  end A due to  a  u B i t  lo a d  X  ^ o r  x^
X-#Xp Moment o r  f o r c e  r e q u i r e d  .to  r e s t o r e  c o n t i n u i t y  a t  th e  j u n c t i o n
( g e n e r a l  n o t a t i o n )
f ^ j f . j g  f l e x i b i l i t y  in f l u e n c e  c o e f f i c i e n t ,
tc ^  T e m p e ra tu re  g r a d i e n t
ta ^  a v e ra g e  te m p e r a tu r e
F .E .M . f ix e d  end moment
b w id th  o f  th e  beam
s s h e a r
J a ° horizontal doflootion at point A of th© beam under an  e x t e r n a l
sy stem  o f  lo a d in g .
V .°  R o ta t io n  a t  p o in t  A o f  th e  beam u n d e r  an  e x t e r n a l  sy s tem  o f
lo a d in g .
U,j0 T o ta l  gap  opened  b e tw een  com ponents o f  th e  s t r u c t u r e  due to  an
e x t e r n a l  l o a d in g .  P r e f i x e s
E M odules o f  e l a s t i c i t j r w . W all
C o e f f i c i e n t s  o f  e x p a n s io n . R R oof
h o r i z o n t a l  d e f l e c t i o n s .  F F o u n d a tio n
v.**
V  a n g u l a r  r o t a t i o n s .
A n a l y s i s  o f  s i m p l i f i e d  m o d e l -
a) M odel p a r a m e t e r s
W a l l s  ;
T h i c k n e s s  o f  w a l l  . ..
I nside distance : 1 .
Ou t s i d e  d i s t a n c e
' M o m e n t  :..Qf inertia;, ... j  = ■
■ I S
H e i g h t  to the u n d e r s i d e  o f  r o o f  b e a m  
M e a n  r a d i u s  • ’ t .
W i d t h
&  T v
C h a r a c t e r i s t i c  X  =/~ :a 
R o o f  '
W i d t h  • : . V-
T h i c k n e s s  . ■ '
L e n g t h  to centre li n e  o f  w alls  
F o u n d a t i o n  ' •
L e n g t h  y *
W i d t h  ;
D e p t h
T op a n d  b o t t o m  beam s .  ’ ’ ' ." y :  *
y  = 25*75 in. ’ ^
y  •, ' .0, '• ' V  - -,25 *75
X y  0 5,*3065
eX y  . . .  + 1  ; 28-3500
e  y - . ; + 1 ... 0.-03527
cos X y  + 1  ' - 0 * 9 8 6 4 6
L
sin X y  . ’. 0 . - V. '. ; ' - 0 *16398
cos X y  + 1  - ' ,’ - 27 *9661
e ^ s i n  X y  . . 0 ' ~ 4*64-883 ■
0OTX y c os X y  + 1  ■ - 0.10.3479
j  ' ••
e y sin A y  0 - 0 - 0 0 5 7 8 3
> * #„
m - y  2X  = ’1 8 1 5 4  m2 - 0 * 0 5 2 9 5 7  - ro8.; = 0 *005983 •
b) F l e x i b i l i t i e s  of  b e a m s  , .. s
L e n g t h  = 25*75 in. . .
• 7 7 ©
V a l u e s  o f *  u s e f u l  f u n c t i o n s ©  . . v .
y  = o  • • M
s - X s
v  ® 25*75 in© M « x 2
. - 8 - X ,
' V---
V' ' 78.'
S “ e ^ ( A s i n X y  + B e o s X y ) ’ + e ^ ( O s i n X y  + D c o s X y )  . ^
V = + X e ^ y [(A+B) e o s X y  + (A“B ) sinXy]^ + i 3a
+  X e  ^ [ ( O - D )  c o s  X y  -  ( O + D )  sinXy] , '
v , ' .. ^
Jlf = - E lm 2 ( A c o s X y  - B s i n X y )  + • 1 1-.0C&y , * V. •
+ B I m s © ^ ( r  O c o s X y  + B s i n X y )
^  = l y ^  ^  ~ V T   ^ ) c o s X y  - (A+B) sinXy] + ^
+ //tT 1 e ^ [ ( O D )  cos X y  + ((D-D) sinXy] ,*
ri
T h e  a r b i t r a r y  c o n s t a n t s  A #  B *  0 , a n d B  are d e t e r m i n e d  f r o m  k n o w n  
b o u n d a r y  c o n d i t i o n s  
at y = 0
T V
B I w 1
p.
(a ~b  ) + (q +d  )
2 ~ A  — 0
\
Elm
X 3 j 2
at y ss 2 5*75 in® '
X
— 2—  = _ 27 “9 661A + 4 *648828 + 0 *034790 - 0 * 0 0 5 7 8 2 0
= -27 *966l U - B  ) + 4 * 6 4 8 8 3 ( A + B )  - 0 *03479(0+1)) -
— 0 * 0 0 5 7 8 3 ( 0 - 0 )  — ■ '
= - 23 *317274 + 32  *60988 - 0 *0405730 - 0 *0290070
M a t r i x  M,
+ 1
+ 1
0
- 1 + 1
•27 *9661 + 4  *64883 +0 *034-79
-23 *31727. + 3 2  *6098 -0 *040573
'  0  
+ 1
•0*0057831
•0*029007
, A  
B .  
O  
D
X <
E lm 2
s f f l
E lm 3
X o  •
E lm 2
X f f 2
E lm 0
To  solve the e q u a t i o n s  F e r r a n t i  Siri u s  c o m p u t e r  w a s  used.
R e s u l t a n t  m a t r i x
•0  * 0 0 1 7 1 6
■0 *001582
- 1* 0 0 1 7 1 7
+ 1 * 0 0 1 8 5 0
A = ' - 0 * 0 0 1 7 2
•0 *000067
0 *000842
■0*000067
1 * 0 0 0 9 8
•0 *040653
■0 *029072
•0 *04-0652
0  * 0 5 2 2 3 2
0 *005793
0 *034836
0 *005793
0 *023250
Elm,
B ■0 *00158 X i
o  = -1*0 0 1 7 2
Elm,
X,
Elm
- 0  - 0 0 0 0 7  § g [ f  - 0 . 0 4 0 6 5  * 0  - 0 0 5 7 9
+ 0 * 0 0 0 8 4  g t t  - O . 0 S 9 O 3  ^  7 0 - 0 5 4 6 4
» 0  *0 0 0 . 0 7
■ XX 3 J 2
E Im s E lm 3 T “ W l " ! EIm a0 *04065 ~+r~S +0  *00579
X j 2
D  =  + 1 * 0 0 1 8 5
E I m B -*1 ' 0 0 0 9 8  : * °  - 05S !S !5  £tz: * °  - 0 S 3 S B  i $
I n d ivi dual f l e x i b i l i t i e s  can n o w  b e  determined* ’
W h e n  1/ « 0
8  =  B  + ' D  v •• . . ' •
7  = yg.(A-hB) + (C-£) = j ~  (A+B+C-D) .
■11 - 2 5 * 7 5  . ..
8 = *~4*64883A - 27 -9663JB - 0 *0057830 - 0 •034792)
7  ~  7 2  ( “  3 2 ' 6 1 4 9 A  "  2 3  *3172713  -  0  * 0 2 9 0 0 7 0  - I -  0  * 0 4 0 5 7 .0 ) .  
D e f l e c t i o n s  a t y = 0 d u e  to t h e  unit v a l u e s  of  Xj. , X 2 , X 3 a n d  Xj. 
8v = 1  * 0 0 1 8 2  ~ s r  ■'
S * ' ,  0 - 0 5 8 0 9 ^ .
^ . -  1 -0 0 0 O T i ^
: •
D e f l e c t i o n s  at y = 25*75 due t o  the u n i t  v a l u e s  of Xl , X s 9 X 3
t
and X& © . ■ ' £  ' ■ ’ .
8+  0*5 -0 *05799
s ■ Elm3 „ .
ycaa ♦
Sx  = - 1  *0021 ■-
c )  I n d i v i d u a l  f l e x i b i l i t i e s  . . .
+  E I m u
1Sy' “ +0 *02324 -
-±. D i m 2
R o t a t i o n s  at y=?0 due to the un i t  v a l u e s  off Xx 9 X2 9 X 3 a n d  X& • 
-1-00 0 2 8
ti; . + 0 - 0 2 3 1 7  x + r  ■ ■■ . -
%  • - 2 - Q 0 7 i 5 S 2  ' ■■■/ ' .  ■ ■
K  " - ° - i 6 2 6 S S l  ■ .  .
R o t a t i o n s  at y = 2 5 * 7 5  due t o  the unit v a l u e s  .off X^ p Z s■, X 8 a n d
r K  "  ° ’ 0 3 s s 0 8 i 5 ?  : ; ■ .
“1  *000438 “ 5- ■
%  = • 8 - 0 0 7 1 5 8 ^  .
T w o  sign n o t a t i o n s  are s hown on  page 7^  a n d  transfer f r o m  b e a m
1
n o t a t i o n  to the g e n e r a l  r o t a t i o n  can n o w  take place®
D e f l e c t i o n s  and r o t a t i o n s  for b o t t o m  b e a m  can be  w r i t t e n  in
1 ’ ' - 
g e n e r a l  r o t a t i o n  as follows:
s Cxs -  sDxs , -  +1 '0020 
S'cxa = *Dx b = -0- 0 5 8  .
sEx^ = s Cx^ = Vd x • - VQx = -1 *0004 14 s 3 2 . Elm 2  .
SY  = SY : = “ ^ e  - -°'02385 i i ^
Xfe*A = V c*« =  + 2 * 0 0 7  1
7Di- = Vc*. = +0 *1626
5  -  , w * +  "  7  u  u  B l J  ■
F o r  top beams
&
x * 2  ; Elm,'S ^ x  -  S B e  -  + 1  “0 0 2 0 . _ ^ r -  3 -
S /] r  — S jP r  ss “ » 0  * 0 5 8y i x 2  v  ^  E X m ,3
“ $Bxc — 74a;. - 7Bx„ — + 1 * 0 0 0 4 16  -  -  v j s x 9  -  —  v - E l m  8
.- ^ Ito6 = 7 4 s s “ TBa;.^  “ ***0 *023
7 a *. = Vfe*. ■ = +2 *007 -  16  • ' o  m i,
V A x s  =  V B x 6  «  + 0  * 1 6 2 6  ^ 7 —
U s e f u l  f u n ctions
/ 2  _ 1 * 4 1 4  _ •
Elnv3 S 74*088 x 0 *0059832 “ 3 #1899/ s?
= 74~*0 8 8 '/ o  *0529570 ~ °
1 .1. j. ,-...,-4 m- BriMwiMawiuaa.«R»i.wij»a.iia8w»iwaaa#«9iJt=awv«w>L^fci>^iieiaaMi8iia>aigHB«a mr> A  e
1 *414 x 7 4 * 0 8 8  x 0 *181540 “
d) F o u n d a t i o n  b e a m  f l e x i b i l i t i e s  '•
Spx,t  =  +  Vpx  ^ ~  = 0 * 0 2 7 6 1 /.®  , /"  . • ; ' ' i S ff
Vf x3 =  + YpCOi ™ =  0  * 0 2 7 6 1 /2 ?  . . 17®
Sj>as  = ~  + 7 j.a j8 “  =  0 - 2 7 6 1 1 / S  . '• v . - 118.
. VpXt =  ■—  = 0  - 0 0 3 6 8 1 5 / S  1 9s
e) R o o f  f l e x i b i l i t i e s  .
Sija:6 =  -  VExs -  =  - 0 * 2 6 2 8 6 5 6 / ®  " 2 0 .
* >
Vjjw± = -  VRX&=  - 0  * 2 6 2 8 6 5 6 /0  , 2 1 .
SRXX =  -VBX± |  =  0 * 3 0 1 2 1  + 0  * 9 0 3 5 0  = 1  * 2 0 4 8 1 /®
Vjsas  = ~  =  0  * 0 7 6 4 7 /®  ' 23 .
F l e x i b i l i t i e s  of t h e  b e a m s  are n o w  w r i t t e n  out t a k i n g  ..avera’ge 
o f  f i g u r e s  known, to b e  equal® - ■ ; '•
8qX2 “  3 “  *196 2 8 /5 7  =s = § 3 ^ 2  ■ *
SqXq =  8j)X2 -  “ 0  *185 0 1 /5 7  = Sr Xq ~* \
8Ex^ = 8 Cxc = Vj)XQ = VqX2 = -0 * 4 0 9 7 1 /5 7  * . • •
=  & £#s ' = V k # i = 7 ^ 2  = + 0 * 4 0 9 7 l / B  '
Sj)a;6 = = Vj)X2 =  = - 0 * 0 0 9 5 2 2 /5 7
8Ax6 = Sjbo?6 = Vj[X2 ’=  F b ^ i  -  + 0  * 0 0 9 5 2 2 /5 ?  •
V pait = '7 c '5 J5 s= + 0 * 1 0 5 5 3 /5 7  -  Va xq = F b # 5
= + 0  *00855 /57  = F ^ 5: = F B ^ s
85.
*
7 0  7 7 A / F A  T ' /O  A /  & £ A M  £ £  £ X / B / Z  /  T / S S  ,
X 4 .
A ha
FY<&,
m*mmi ■#n.«r a r a a j w j .  *vr.H'■^-■- r’gfrTT VV*#* I 'VTte**!' ‘*'t'11)1 P>jN.Vf1 M• *»*? »f»g«a*wr.<»—ref-»«qgWlj te»Tt
■ • • ■ ■ •  ' o  £  •
ML?#
f) ■ F o r m a t i o n  o f  f l e x i b i l i t y  m a t r i x  .
A i  = SjjCCj. + 840:1'= ( l  * 2 0 4 8 1  + 3  * 1 9 6 2 8  )/0 = + 4  *4 0 1 0 9 / 0
A s = 840:2 = - 0 -1 8 5 0 1 /E
A 3 = 0  . . .  ■■'•'?• ' ■ . ' ■ ■
A < i  =  0
A s = 8.-1 oj5 = +0 *0 0 9 5 2 / 0
I.
tT±& = q + = +0 *14685/E?
' A *  = 3b * l = - 0 - 1 8 5 0 1 / B  I
J 2 2  — 8 jgCCg ±* =  + 0  * 5 9 2 5 6 / 5 ?
/aa = sC^ a = - 0  °1 8 5 0 1 /E?
/ s *  = 8 C X* = - 0  •0 0 9 5 2 2 /E  s *
J°2 5 ~ “*U ^0^5 — 0 ■
/ss ~ ~ +0 00 0 9 522/E? ,
9
/ s i  - 0 . • . . ■
' A s = SjjOfe = - 0 *1 8 5 0 1 / 0
/ 3a = 8.£)02g + SjpsCq ■ = +3 *4 7 1 5 6 / 0
A + = S£o*fc + 8^ 0:4 = - 0 *3 8 2 1 0 / 0  ’
A s  = sD»s •= - 0 *0 0 9 5 2 2 / 0
A .6  = 8
tf/fci — o
. A a  a  V b«8 = - ° *009522/0. • • • .
A 3 = VpOa *  VF x a = . - 0 * 3 8 2 1 0 / 0
A +  = + 7p£C4 = +0 *10921/0 . '. ■' . . . .
A s  = 7p£tt5 = + 0 * 0 0 8 5 5 / 0
A s  =  0  . ■ .  ■
A l  = 7 b ® i = + 0 * 0 0 9 5 2 2 / 0  /
A s  = VjBa%, + y c a%3 = 0  . '
A s  = 'Vc xa = -0 *009522/0
A  + = = + 0 * 0 0 8 5 5 / 0
^55 = Vb xs + = +0 *21106/0 " ' . ■
A s  ~ Vjg£B3 - + 0 * 0 0 8 5 5 / 0  ’ •
A i  = TRiCi + Va 10! = + 0 * 1 4 6 8 5 / 0  ..
A s  =.V/Os = + 0 * 0 0 9 5 2 2 / 0
<► .
/ S 3  = 8
«fs5 *= Tktte .=* +0 *00855/2?
Jee = 74^6 + Vfeab = +0 *18200/E ■ *
T h e s e  are the t e r m s  of t h e  f l e x i b i l i t y  m a t r i x  F . s h o w n  on p a g e
g) Free d i s p l a c e m e n t s  due to t e m p e r a t u r e  l o a d i n g s  
to » temp e r a t u r e  g r a d i e n t
t a  = average t e m p e r a t u r e s
D i a g r a m m a t i c a l  t e m p e r a t u r e  
. d i s t r i b u t i o n
tCi and i a 1 - r o o f
tcs " t a 2 - top o f  u p p e r  b e a m  .
" ta3 - b o t t o m  of u p p e r  b e a m
" to* top of l o w e r  b e a m
a t a 5 - b o t t o m  o f  lower b e a m
T e m p e r a t u r e  g r a d i e n t
tc3 
1 6 4  
t o 6
X
A '
X i
A
V
■ F  
K
Fo r  the b e a m  an e l a s t i c  f o u n d a t i o n  s u b j e c t e d  t o  l i n e a r  
t e m p e r a t u r e  g r a d i e n t  w i t h  a l i n e a r  l o n g i t u d i n a l  v a r i a t i o n  the full* 
f i x i t y  i*estraints are e n d  m o m e n t s  F M f, and h o r i z o n t a l  shear force 
8 jb at the ends r e q u i r e d  to b a l a n c e  the moments®
FEM(heam) - x b = 1 .47.000 x b
1 2
12  in® =• 1 * 4 7 0 0 0  toEa x 12
or; :(  t G r p - t G B \S £ = h o r i z o n t a l  shear force = 1 * 4 7 0 0 0  Eocl2 I — — 1—  ) 
tG% and tc^g- are g r a d i e n t s  at e i t h e r  e n d  of a,be am of  l e n g t h  I * 
EEM(roof)  = x = 3 *93880 t c E a  x 12  . . a<5.
B g  SS. 0®  .
v %
^•A° = + 9A x 5 ^ gq ~m( 9A'ci / ' 9A%2 )(/ 2 5 «75 /  ^ 1 7  *64 Eoi
SB° ~ i $Bx e t 0 B + SB x s tca + ( - $ Bx d B xs \ l f f f ^ )  3 1 7 * 6 4  0a'
“V  \
( "to \
SC° . “ [8o ^ 5 ^ 0(t + 9G®*i'0B '\'(8q x2 ^ 8 q Xq 1 7  *64 Ea
r a ^ Q  \
£  1 7  *64 Ea
7 a ° = f e t C j  + TkKntOB -(V.4«i"/4^ \ ^ 8 5 ^ )j 17  *64 JBOt .
/ ^  O Q '
VB ° = [VB £C6 tos .+ 7B 3=6 tc 3 + (-V B x i.+VBa1 7 - 6 4
/ t o  *** 1 0 ’ \•7C ° = [VRxa tc* + 7 C 3=*to6 +(7 (73%,-7 (73% 17 *64 B a
mmm^ Q  \
1 7 - 6 4  O a  .
SR° = 8Rx 6 t o x 4 7 * 2 6 5 6  S a
7B ° = VRx 6 t o t47-2656 Oct
.  ' ,  8 j  X.  “ 8 a 3=0 .  . 8 j  3% “ 8 /  3=o ■ i  _
8a ° = 17 -64 [tc2 (84*6 - > + te3 (843%  + " 2 5 > 7 5  .)] S K
= (4-91093 tc2 + 2-48428 tc3 ) a
o n  ,-. r .  . 0  • “ 8B ^ i + s 53=2 N . >„ ' - “ 8 5 3 = 1 + 8 3 3 3 3  ■
8 5  =  1 7 - 6 4  [te2 ( 8 B o =6  +   g g  . 7 5  )  +  tos (8B 3=5- - ;— ■ 3 5 7 7 5 * )  ]
= (2-48428 to2 + 4 - 9 1 0 9 3  to3 ) a  .
Sc °  =  (-4 *91093 to* - 2 . 4 8 4 2 8  to6 ) a
$D°. -  (-2*48428 to*. - 4 * 9 1 0 9 3  to5 ) a  ’ .
■ T e m p e r a t u r e ,  g r a d i e n t  -  f r e e  d e f o r m a t i o n  o f  b e a m s
v /  = ( l *58740 tea + 0- 4 2 4 9 7  toa ) a  . •
VB° =. (0 *42497'tos + 1 *58740 tc3 ) a  '
,yc ° = (1-58740 to4 + 0 - 4 2 4 9 7  tce ) a
V])° = (0-42497 to* + 1 - 5 8 7 4 0  tc6 ) a  .
Sj;0 = 47-2656 (-0-26286) t o x a  = -12 -42424 tc*ct
Vfl° = 47*2656 (0 *07647) to* ct = 3. 6 1 4 4 0  t o x a  
A v e r a g e - t e m p e r a t u r e  •
F o r  a l i n e a r  l o n g i t u d i n a l  v a r i a t i o n  in a v erage t e m p e r a t u r e  
the free d e f l e c t i o n  equals B a t a o  ■
$jl° = 24 *85 a  tCb2 '
8-g° =s 2 4 *85 a  t a Q
8 C° = -24 *85 a  .
8R° = -24* 8 5  a  ta&
■ V r °  . =  0
F o u n d a t i o n
Sp.0 = 18p.°
Vp-°. = IVp0
b) Total fre e  d e f o r m a t i o n s  '
C o m b i n a t i o n  of d e f o r m a t i o n s  to  p r o d u c e ,gaps b e t w e e n  
c o m p o n e n t s : -
• u j  = sR° + sA° . ■ : ■" .
us° = SB° + Sc0 . ■ . . ■
ua° = 8j3° + 8P° . .
£4° = VD° + Vp° • 27. , '
D 5 0 =  v B °  +  v c °  • • .
u6° =Vr° + vA° . ■
A l l  §s  a r e  in t erms o f  t e m p e r a t u r e  and the above e q u a t i o n s 
c a n  be  w r i t t e n  as U = F/T w h e n  T is the t e m p e rature colu m n  matrix* 
j) D e t e r m i n a t i o n  o f  a; v a l u e s
B y  s e l e c t i o n  o f  a p p r o priate x  val u e s  the g a p s  b e t w e e n  
c o m p o n e n t s  can be  c l o s e d  a n d  the e q u a tions then take t h e  f o l l o w i n g  
■forms-
+ f x z x s + f x s Xa . + f x ^ x *  +./l s ajs ..+ f ± s x6 + U R  '= 0
f s ± X i  + f z z X z  + f z a X s  + f z & x *  + f z 5 x5 + f z s  x 6 ' + Us ° . -  .0
f s x x x +  f a z X z K +  / s a ^  +  J a + J S *  +  < f 3 s « B  +  8 3 °  =  0  .
+ f<kzXz + <7*5®S + /*  + C 4 ° . =  0 280
t f g i  + ' / g 2  3  t^3 +  < /5<k *> 4  +  t f s s  ^ 5  + . / g g  °  ~  °
+  j ° s a « 2  - F f e s X s  +  / S 4 - « 4  +  f e . s x 5 + U6 °  = 0
9 2 b
i n  m a t r i x  f o r m : -
d
f
f±  2 < fl3 cf 1*1 t f l 5 A s #1 '  D i°  “
/ 2 1 <f22 f 2 4? t/l25 </*26 ^2 0 2 °
J*31 f 3 2 / S 3 •PJ 3 1 c/j3 5 f e e ^3 . 0 3 °
X +
11 f*2 cY13 «/*14: t f 1*5 T 16 • 0 * °  .
J  5 1 f 62 f 53 </*54? f 56 f 56 ^5 0 's0
<...... . 
fl
J*Q2 .0J S3 c/*S 1  </*6 5 t/l66
:
^6 0 6 °  ;
F x + U = 0 > -29®
m  =  - t t 1 ! /  3 0 e
and. since U = WT
x  =  - ( t t 1 ! / ) ?  ' °
M a t r i c e s  0,' t t 1 a n d  t t 1 // are s h o w n  in full on  p a g e  n u m b e r  -
lc) ' F o r m a t i o n  o f  W m a t r i x
13° terms due t o  t e m p e r a t u r e  -gradient.
Ua.0' = SB°, + Syl° = - 1 3 * 4 2 4 2 4  to* + 4 * 9 1 0 9 3  tes + 2 *48428. tcs
02 °. ■ = Sjg° + Sq°- ' =2 * 4 8 4 2 8  tc2 + 4 * 9 1 0 9 3 ^ 0 3  - 4 * 9 1 0 9 3  tc* - 2*48428te,
03 ° = Sr,0 +■ Sp>° = -2 *48428 tc* - 4 * 9 1 0 9 3  tc6 + Sp>°
I ‘ » * %
0*° ■ = V p 0 ' + = 0 * 4 2 4 9 7  tc* + 1 * 5 8 7 4 0  toe + Vj>°
U 5 °  =  F j s °  . +  V G °  =  0 * 4 2 4 9 7  toa +  1 *58740 ,te3 +  1 * 5 8 7 4 0  tc* +  o '*42497 to,
Ua ° = V p 0 '+ T a ° - 3 *61440 to* + 1 * 5 8 7 4 0  tc^ + 0 *42497 tcs
U° terms due to the a v erage t e m p e r a t u r e  can b e  w r i t t e n  in
similar form and f u r t h e r  t a b u l a t i o n  produces. Yl matrix®
-12# 4 2 4 2 4 4 * 9 1 0 9 3 2 *48428‘ 0 0
0 2 *48428 4*91093- - 4 * 9 1 0 9 3 -2 *48423-
0 0 • o • -2*48 4 2 8 - 4 * 9 1 5 9 3
0 o ' ‘ 0 0 *42497 1 * 5 8 7 4 0
0 0 *42497 1 * 5 8 7 4 0 1 * 5 8 7 4 0 0 *42497
3 * 6 1 4 4 0 1*58740* ' 0*424-97 0 0
LOCO•02 + 2 4  *85 0 0 0 0 . 0 ~
0 0 24*85 - 2 4 * 8 5 0 0 0
0 0 0 0 -2 4 * 8 5  ... 1 0
0 0 0 -0 *96505 ’ 0 *96505 0 1
0 -0 *96505 0 *96505 0*96505 -0 *96505 0 0
0 0 *96505 -0 *96505 0 0 .0 0
E q u a t i o n s  o n  p a g e  n u m b e r  86 in m a t r i x  p r e s e n t a t i o n  f o r m  
m a t r i x  Fo
4 * 4 0 1 0 9 -0 *18501 0 0 0 *00952 0 *14685
-0 *18501 6 *39256 -0 *18501 -0 *00952 0 0 *0.0952
0 -0 *18501 3 *47156 -0 *38210 -0 *00952 0
0 -0 *00952 - 0 # 3 8 2 1 0 0 *10921 0* 0 0 8 5 5 • 0
0 *00952 0 -0 *00952 0 *00855 0 *21106 0 *00855
. 0 *14685 0 *00952 0 •; • ' 0 • 0 * 0 0 8 5 5 0.*18200ess
M a t r i x  F w a s  i n v e r t e d  on a c o m p u t e r  a n d ' m u l t i p l i e d . b y
m a t r i x  We
M a t r i x  F ' *.
*0*25582 0 *00708' 0 *00075 0 -00548 -0 -00500 r0 *18889 *
0 * 0 0 7 0 8  0 *15725 0 *01610 0 * 0 7 0 1 7  -0 *00l87* - 0 * 0 1 5 8 5
0 * 00075 0 * 0 1 6 1 0  0 * 4 7 0 5 4  1 * 6 5 1 2 8  -0*04573- 0 * 0 0 0 7 0
0 *00348 0 *07017 1 * 6 5 1 2 8  -1 -01&01 -0 *53355 0 *01857.
-0*00300 -0*00187 - 0 * 0 4 5 7 3  -0 *53335 4 * 7 6 6 6 4  -0*2214-1
-0*18889 -0*01385 0*00.070 0 *01857 -0 *22141 5 * 6 5 8 0 4
9 4 o
M a t r i x  F~ ± W ' ■ •
-3 *58781 0 *86474 0 "53059 -0 *03990 -0.-017.02 - 5 * 8 1 0 5 0
-0 *15795 0 * 4 0 2 5 7 0 *78085 -0 *78528 -0 *35905 -0 *17582
-0 *00682 0, *02536 0 *00863 -0 *61885 0 *25104 -0 *01869
. 0 *02385 -0 *00573 -0 *4-8546 1 *07339 15 *27209 -0 *08657
-0 *76296 1 * 6 5 4 8 2 7 *4-5580 .- 7 *46272 - 1 * 4 0 8 2 9 •0 *07460
22 *79729 7 *92545 1 * 5 1 5 7 8  -0*27731 -0 *03365 4  *694-00
5 *63111 0 *35522 - 0 * 1 8 2 0 8  - 0 * 0 1 2 4 4 ■ 0 *00075. 0 *00348
0 *16427 3 *91866 -3 *97664 -0 *33050 0 * 0 1 6 1 0 0 *07018
0 *06350 0 *35522 -2*03774- -10*05514 0 *47054 .1.*65128
0*61920 1 * 2 1 1 2 3 -16 *71693 -26 *06128 .1*65128 - 1 * 0 1 8 0 1
-4  *88831 4 * 7 6 7 1 2 5 *161.34 -3*9 7 8 3 2 -0 *04573 -0  *53334
0 *97996 -6 *01801 0 * 1 1 2 4 6  0*21422. 0 *00070 0 *01857
The equation x = ~*(f,“:LW')T e n a b l e s  the c a l c u l a t i o n  of x v a l u e s
in the s t r u c t u r e  in t e r m s  of a p p l i e d  temperature ®
To f i n d  the. d e f l e c t i o n s  a n d  b e n d i n g  m o m e n t s  at a n u m b e r  of
a an ,
p o i n t s  in the structure the i n t r o d u c t i o n  o f ^ b e a m  o n Ae l a s t i c  
f o u n d a t i o n  e q u a t i o n s  is n e cessary® At  t h i s  stage the g e n e r a l  
n o t a t i o n  m u s t  b e  r e v e r s e d  to the b e a m  n o t a t i o n  and for. 
c o n v e n i e n c e  the e n d  r e s t r a i n t  release m o m e n t s  and shears w e r e  
a d d e d  t o  the c o n t i n u i t y  r e s t r a i n t s  forming, m a t r i c e s  Ip-and j o  
M a t r i c e s  1C = PT a n d  L = BT are b o t h  e x p r e s s e d  in t erms of 
t e m p e r a t u r e  (f)o A t  t h e  same time the sign change due to 
x  = -J7-^  is m a d e  *
9 5 *
M a t r i x  P  r e f e r r i n g  t o  u p p e r  b e a m
0  a
0  a
1)
-0 '76296 
22 *79730 
-0 *13795 
3 *58781
1 * 6 5 4 8 2  
•9 *714-55 
•0 *28248 
•1 ‘54979
-10 *18420 . .7 *46272 1 *40829 0 *07460 
1 * 5 1 5 7 8  -0 *27731. -0-*03365 4 *69400 
1 * 4 6 5 9 0  - 0*78528 - 0 * 3 5 9 0 5  -0*1 7 5 8 2  
0* 1 5 4 4 6  0 * 0 3 9 9 0 . 0 * 0 1 7 0 2  5 * 8 1 0 5 0
■4 *8831 4 *7.6712
0* 9 7 9 9 6  -6*01801 
0*164-27 3 * 9 1866  
■5*63111 -0*35522
5 * 1 6 1 3 4  - 3 *97832 - 0 * 0 4 5 7 3  
0 *11246' 0 *21422 0 *00070
3 * 9 7 6 6 4  - 0 * 3 3 0 5 0  0*01610
0 *18208 0 *01244-. • -0 *00075
M a t r i x  B r e f e r r i n g  to l ower b e a m
o  <7 o  p;0 * 0  
■0 *76296 
0 *00682 
•0 *13795
•0 *00573 
1 *654-82 
•0 *02556 
0 *40257
■C *48546 
7 *45580 
■0 *00863 
0 *78085
1* 0 7339  
-10*17728 
-0 *06620 
-1*47033
•2 ‘36791 
1* 4 0829  
0 *434-01 
0 *32600
■0 *5334 
0 *01857 
0 *07013 
*0 *00348
•0 *08657 
0 *0,7450 
0 *01869 
•0 *17582
0 *61920 1 * 2 1 1 2 3  -16 *71693 -26 *06128 1 * 6 5 1 2 8  - 1 * 0 1 8 0 1
- 4*88831 4 * 7 6 7 1 2  5 * 1 6 1 3 4  - 3*97832 - 0 * 0 4 5 7 3  - 0 * 5 3 3 3 4
-0 *06350 -0 *35522 2 *03774 10 *05514 -0 *47054 -1*6 5 1 2 8
0* 1 6 4 2 7  3* 9 1 8 6 6  - 3 * 9 7 6 6 4  - 0*33050 0. *01610 0 * 0 7 0 1 8
D e f l e c t i o n  e q u a t i o n s
80 = e^y sinky.4 + c o s k y B  + sinhyG + e ^  c o s H y D
= e ^ y 1 s ln h y ^ A  + e ^ 3, c o s hy^B + etc®
80J , S2 s etc® r e p r e s e n t s  def l e c t i o n s  at a n u m b e r  of p o i n t s
on t h e  structure, y0 , y l  s y 2 etc® d istance f r o m  the, o r i gin.’
Atr m a t r i x  f o r m  . ■
*e^y s i n K y  + c o s h y + e“ ^  sinfoy +. co s h y
Qhyx Q±n h y ± .. etc. . * •
$ 0
8 i
^ 2
Me t c .
X
B
a
D
6  p o i n t s  w e r e  ' c h o s e n - u p  ~ t h e  l e n g t h  o f  t h e  b e a m
y hy c o s h y e3 ^  sinhy cos hy 6^  ^ si nhy
0 0 +1 0 . +1
*
0
2 *257 0 - 7 4 8 4 0*1947 1-2 5 0 5 0 *3285
8 1 - 0 3  0 -1845 0 *3057 • 1 - 4 3 3 7 13 -3862
1 4 1-80 : - 0 * 0 3 7 6 0 *1610 . -1-3746 5 -8915-
20 2-57 • -0 * 0 6 4 3 0 *04-17 -10 *9877 .7 *0668
25 -75 3 *31 -0 *0350 - 0 *0058 -27 -9661 - 4  *6488
A B\ ■ \  G Z>
8 a 0 +1 0 + 1
+0 * 3 2 8 5  +1 - 2 5 0 5 0 *1947 0 -7484 " A
2*3862 1*43 3 7 0 *3057 0 -1845 B
5 *8915 - 1 * 3746 0 *1610 -0 *0376 0
7-0668 '-10*9877 0 -0 4 1 7 -0 *0643 D
-4*6488 -27* 9 6 6 1 -0--0058 -0 *0350 ,
S i m i l a r l y  m o m e n t s  r e p r e s e n t e d  in m a t r i x  form for 6 chosen 
points: (Matrix M )*
3
+2 -44-17 
0 5 3 4  
5007 
3 5 6 4  
8289 
2 8 5 4
o
•26
• 6 8
0
-0 “8021 
- 5 - 8 2 6 4  
1 4 - 3 8 5 4  
17 -2551 
3511+ 1 1
- 2-4417 
- 1 *8274 
-0 -4-505 
+0 -0918 
+0-1570  
+0 -0655
0
0 - 4 7 5 4  
0 - 7 4 6 4  
0 *3951 
0 -1018 
»0 *01420
B y  r e f e r r i n g  to t h e  e a r l y  c o m p u t a t i o n  it. is k n o w n  that
c onstants A 9\ B 9- G a n d  D. are f u n c t i o n s  of x 9 s  (A .= .If x x )
9 7 o
a* .for examples. A = -0 *00172 ” 2 
* . Elm
0  ’ 0 4 0 6 5 Elm2
■ 3% J  2 3=* -J 2
_ - 0 - 0 0 0 0 7  J J J f . O -00579 j j - p
5 S T  - 0  '40!>55/l! “ a J § r  - s '“ " A  -
© ° « .A = “0 * 0 0 0 7 0 %  -  0 * 0 1 6 6 5 %  -  0 * 0 0 0 2 2 %  + 0 * 0 1 8 4 7 %
t • 
and in m a t r i x  form (Matrix N )®
"0 -00070 «0 *01665 -0*00022 +0 *01847
*»0*00065 "0 *01191 + 0 * 0 0 2 6 8  + 0 * 1 1 1 1 4
-0*41025 - 0 * 0 1 6 6 5  - 0*00022 + 0 * 0 1 8 4 7
0-41051 +0 *02139 + 3 * 1 9 3 0 3  +0 *07416
1
E
D e f l e c t i o n  = 8 x Jf x P  f o r  the top b e a m
= £ x IV x ft for the b o t t o m  b e a m
M o m e n t s  =  If x If -x P  f o r  the top b e a m  
j S r  ;
-  M x N x B for the b o t t o m  b e a m
.O.'hn
‘jh.
The r e s u l t  of the l a s t  c o m p u t e r  c a l c u l a t i o n s  r e p r e s e n t  m o m e n t s  
and actual p r o f i l e s  due to conti n u i t y  r e s t r a i n t s  a n d  end- 
r e l e a s e  m o m e n t s  and a r e - s h o w n  in m a t r i x  form©. Matr i x  G a n d  
D  on page number 98 tq 1 010 ^ .
M A T R I X  C . 9 8 .
t e l  , t c 2 t c 3
2 .1 0 7 8  1 .0410  -  0 .2409
3 .6 0 9 5  1 .5 8 6 7  -  0 .0780
2 .0 1 7 6  0 .7 9 0 7  0 .5 4 3 4
0 .5 6 3 7  ~ 0.0361  1 .3 4 7 6
0 .0 5 6 6  -  0 .5 4 4 2  1 .2 2 4 5
0 .1 2 7 5  -  0 .6 0 4 0  0 .5 5 5 5
0 .1272  -  0 .6 0 4 0  O.5 5 6 4
0 .1 3 9 9  -  0 .4160  -  0 .7 4 9 6
0 . 06S 1 -  0 .1 5 4 9  -  O.6272
0 .0162  -  0 .0209  -  0 .2 3 7 8
0 .0 0 0 6  0 .0076  -  0.0276
0 .0012  0 .0 0 6 8  -  0 .0 1 1 0
t c 4 tc 5 t a l
0 .0 2 4 8
0 .1 6 9 3
0 .5 1 2 0
0 . 8 3 0 6
0 .1 8 1 0
0 .5 5 2 4
0 .5 5 1 7
1 .4 6 7 5
O.8488
0 .1 6 6 8
0 .1 3 8 5
0 .1 4 0 7
0 .0 1 1 7
O.OO76
0 .0 7 2 2
0 .2 8 0 6
0 .5 3 6 9
0 .5 6 7 7
0 .5 6 7 9
0 .3 4 5 9
0 .0 1 2 0
0 .3 7 1 9
0 .5 5 8 8
0 .4906
16.6174
6 .2 6 9 7
0 .6386
0 .9141
0 .7466
0 .5 8 9 0
O.5883
O .I 924
O.OO63
0 .0 2 7 8
0 .0 1 1 3
0 . 0 0 7 6
I
M A T R I X  C .  ( c o n t i n u e d )
9 9 ®
t a 2 t a 3 t a 4
18 .3 2 5 9  ' -  2 .0 1 3 3 0.2511
6 .3 3 8 0 0 .8 0 1 0 0 .5 2 8 5
0 .5 5 6 5 "  O.3656 0 .0426
0 .9 5 8 0 2 .3 4 1 5 -  2 .5 9 1 5
1 . 8694- 10.4282 -  8.3121
2 .5 1 1 7 14-3529 -  1 0 .5589
2 .5 1 0 3 -  1 0 .4 9 5 7 ' 14.2910
0 .2 4 4 7 -  4 .2 0 2 5 4 .6 1 9 2
0 .3 6 4 8 -  0 .6 3 5 8 0 .8 9 5 4
0 .2 4 9 8 0 . 322S 0 .8 9 6 7
0 .0 5 8 7 O .I 876 0 .2 4 4 4
O.O348 O.1323 -  1.0241
ta 5
0 .0 7 1 7
0 .2 3 1 1
0 .3 5 9 5
0 .0027  
1.6896  
2 . 6 8 1 6  
2 . 6 8 7 2  
O .9S25 
1 .5 0 3 4  
7 .4 7 6 5  ' 
1 8 .1 2 9 7  
2 1 .3 5 8 0
F
-  0 .0 0 0 7  
0 .0 0 1 0
,0 .0 0 1 3
0 .0 1 1 7
0 .0 2 8 0
0 .0 3 2 5
0 .0 3 2 7
0 .0 2 4 8
0 .0 7 7 8
0 .3 5 8 S
O.7488
-  0 .8 2 4 6
F
0 .0 0 0 6
0 .0 0 9 4
O.O349
O.O676
0 oO464  
, 0 .0053  
0 .0 0 5 3  
-  0 .3112  
-  1 .0202
-  1*7154
-  0 .5 4 4 7  
0 .8 6 8 5
M a t r i x  D «
1 0 0 o
t e l
2 2 .S 014
6 . 1 9 2 9  
0 . 7 8 2 3  
1 . 8 3 6 6
1 . 0 5 6 5
0 .7629
0 .7631
0 . 1 6 5 6
0 .0 5 7 7
0 .0 7 5 4
0 .0376
0 . 0 2 3 8
t c 4
0 .2 8 0 9
0 .4 4 5 2
0.0759
1 .7 8 4 9
5 .S 4 7 1
7 .4 5 2 7
IO .1793
3 .1 1 1 2
0=0787
O.8078
0.964-9
1 .0 7 5 3
t c 2
9 .7 1 7 0
2 .6 7 6 0
0 .1 3 2 0
O .64.OS
1 . 1 S 7 7
1 .6 5 4 8
1 .6 5 5 2
0 .1 0 4 0
0 .3 0 0 4
0 .2 2 1 3
-  0 .0 5 7 5  
0 .0057
tc 5
“0 0 .0 3 4 3
-  O.1540  
~ 0 .2 8 2 1
-  . 0 .1 6 6 6
0 .7 S 3 5
1 .4 -O S 2
1.4-097 
0 .2 4 0 7  
0 .0 0 6 1  
0 .2 6 4 0
-  1 .5 8 6 6  
-  2 .3 6 7 9
tc5
1 .5209
0.9591
0.5093
- 1.5753
- 7.3893
- 10 .18 4 1
7.4-569
2.9772
0.3964
0 . 4 2 0 1
- 0.5004
- 0.4854
ta l
4.6990
- 10.9516 
“ 8.5758
- 3.3307
- O.3SO9 
0.0745 
O.0744  
0.4757 
O .3 150  
O .0984 
0.0478
-  0 . 0 8 6 5
M a tr ix  D. ( c o n t 'd )
1 0 1 .
0 .9 7 7 5  
1 4 .1 8 0 0  
8 .9 4 6 1  
1 .0 3 3 1  
4 .1861  
4 .8 8 8 3  
4*8886  
3 .5 9 4 2  
1 .4 0 5 5  
0 .1 0 2 4  
0 .4 8 5 9  
0 . 6 1 9 1
t a 2 ta 3
-  6 .0 2 0 4  
1 .9182  
4 .5 8 5 7  
1 1 .6051  
1 0 .4 5 0 2  
4 .7 6 7 1
4 .7 7 0 0
-  6.4-009
-  5 .5 3 9 7
-  2 .1 7 9 4  
0 .4 7 8 2  
1 . 2 1 1 2
ta 5
0 . 2 1 6 1
0 . 0 1 3 6
0 . 9 1 0 8
2 .7 4 0 5
4 .2 5 3 5
3 .9 7 8 3
3 .9 6 5 3
0 . 8 7 1 8
8 .3 2 1 0
1 1 .0 0 7 1
9 .3 2 7 2
2 6 .0 6 1 2
0 .0 0 0 7
0 .0 0 6 5
0 .0 1 4 7
0 . 0 1 6 0
0 . 0 1 8 7
0 .0 4 5 7
0 .0 4 6 5
0 . 1 9 0 2
0 . 3 8 6 2
0 .8 1 0 8
0 .8 4 3 7
1 . 6 5 1 2
O .IO 98
1 . 4 5 8 2
4 .4 1 2 9
6 .9 6 4 8
1 .1 6 4 7
5 .1 6 1 3
5 .1 6 6 3
1 3 .3762
7.9082
1 .0989
1 2 .5 5 7 3
1 6 .7 1 6 9
F
0 .0 1 8 8
O.O365
0.0232
0 .0 9 3 9
0 .3 9 6 5
0 .5 3 3 3
0 .5406
0 .8761
0 .2219
3 .4 1 2 7
11.6256
14.9820
t a 4
1 0 2
By a d d in g  te m p e r a tu r e  f ix e d  c o n d i t io n  v a lu e s  (F ig *  25) a t  e a c h  p o in t  
th r o u g h  th e  l e n g th  o f  th e  b eam s, f i n a l  m a t r ic e s  f o r  b e n d in g  moment and  
d e f l e c t i o n s  w ere o b ta in e d *
T h ese  m a t r i c e s  a r e  shown a s  M a tr ix  E an d  G. The te m p e r a tu r e  f i x e d  
c o n d i t i o n  v a lu e s  a r e  shown F i g .  2 5 .
/ ? /? £ " £  E X P M A / S / U A S  X £ >  A t /£ A ? A G E  T E A ? P S / 2  A  T ( / / ? £ .
/+ '£ £ £ ) £?& A/£A/r -OASE T0
/f° ,f  ' 7  «  C ar c p //. t p a p rf  -+
«5s a  / / / /  /  / A  J  *C  S / V
2 $ .
MATRIX E ,
t e l tc 2 tc 3
2 .1 0 7 8 1 .0410 -  O.2409
3 .6 0 9 5 1 .5 8 6 7 -  0 .0 7 8 0
2 .0 1 7 6 0 .7 9 0 7 O .5434.
0 .5 6 3 7  ' “  0 .0 3 6 1 1 .5 4 7 6
0 .0 5 6 6 -  0 .5 4 4 2 1.224-5
0 .1275 0 .6 0 4 0 0 .5 5 5 5
0 .1272 0 .6 0 4 0 0 .5 5 6 4
0 .1399 0 .4 1 6 0 - -  0 .7496
0 .0 6 8 1 -  0 .1 5 4 9 -  0.6272
0 .0162 0 .0 2 0 9 -  0 .2 3 7 8
0 ,0 0 0 6 0 .0 0 7 6 -  0 .0276
0 .0 0 1 2 0 .0 0 6 8 -  0 .0 1 1 0
t c 4 tc 5 ta l
0 * 0 2 4 8
0 . 1 6 9 3
0 .5120
0 .S30 6
0.1810
O.5 5 2 4
0 .5 5 1 7
1 .4 6 7 5
0 .8 4 8 8
0*1668
0 .1 3 8 5
0.1407
0 .0 1 1 7
0 .0 0 7 0
0 .0 7 2 2
0 . 2 8 0 6
0 .5 3 6 9
0 .5 6 7 7
0 .5 6 7 9
0 .3 4 5 9
0 .0 1 2 0
0 .3 7 1 9
0 .5 5 8 8
0 .4906
1 6 .6 1 7 4  
6 .2 6 9 7  
0 . 63S6 
0 .9141  
0 .7466  
0 .5890  
0 .5 8 8 3  
0 .1 9 2 4
OOO63
0 .0 2 7 8
0 .0 1 1 3
O.OO76
M A T R I X  E .  ( c o n t i n u e d )
105
6 .5 2 4 0  
1 2 .9 6 3 0  
1 2 .9 5 4 2  
S . 6 7 8 4 ' 
3 .7 9 9 6  
2 .5 1 1 7  
2 .5 1 0 8  
O.2448  
O.3648
O.2499
0 .0 5 8 8
0 .0 3 4 8
ta 5
0 .0 7 1 8
O.2312
0 .3 5 9 5
0 .0 0 2 7
I . 6S97
2 . 6 8 1 6
2 . 6S72
6 .5 3 1 6
1 0 .0 3 5 4
9 .6 5 3 0
4 .7 9 0 2
3 .4 9 1 9
t a 2 t a 3
-  2 .0 1 3 4
-  6 .3 5 0 0
-  H . 7 0 4 . 9
-  1 4 . 7 8 S 1  .
-  12 .4916
-  1 0 .4 9 7 1
-  IO .496O
-  4 .2 0 2 6
-  0 .6 3 5 9  
0 .3 2 2 8  
O .I 876 
0 .1 3 2 3
F
-  0 .0 0 0 7
-  0 .0 0 1 0  
0 .0 0 1 8  
0 .0 1 1 7  
0 .0 2 8 0  
0.0325 
0 .0 3 2 7  
0 .0 2 4 8
-  0 .0 7 7 8
-  0 .3 5 8 8  
-  0 .7 4 8 8  
— 0 .8246
0 .2 5 1 2
0 .5286
0 .0 4 2 6
- 2.5916
-  8 .5121
- 10.5590
- 10.5590
-  1 4 .6 8 1 8  
-  1 2 .6 1 5 2
-  6 .8 2 3 7
- 1.6857
-  I .0242
F
0 .0 0 0 6
0 .0 0 9 4
0.0349
0 .0 6 7 6
O.4 6 4
0.0053
0.0053
-  0.3112  
1 .0 2 0 2  
1.7154 
0.5447 
0.8685
t a 4
2 2 .8 0 1 4
6 .1 9 2 9
0 .7 8 2 3
1 .8 3 6 6
1 .0 5 6 5
0 .7 6 2 9
0 .7 6 3 1
O .I 636
0 .0 5 7 7
• 0 .0 7 5 4  
0 .0 3 7 6  
0 .0 2 3 8
tc 4
0 ,2 8 0 9
O.4453
O.O76O
1 .7 8 5 0
5 .8 4 7 2
7 .4 6 2 7
7 .4 6 0 6
1 0 .5 8 9 7
9 .6 6 9 5
6 .2 8 8 3
2 .3 3 5 1
1 .0 7 3 4
t e l
M a t r i x  G .
t c 2
7 .9 2 3 0  
11.0249  
9 .7 2 2 7  
6 .1 2 1 2  
2 .5 5 7 8  
1 .6 5 4 8  
1 .6552  
0 .1040  
0 .3 0 0 4  
0 .2 2 1 4  
0 .0 5 7 6  
0 .0 0 5 7
tc 5
0 .0343
0 ,1 5 4 7
0 .2 8 2 1
0 .1 6 6 7
0 .7 8 3 5
1 .4 0 8 3
1 .4 0 9 7
4 .1 7 9 7
8 .0 5 5 4
1 1 .8 9 4 9
1 4 .6832
15.2721
106.
1 .5 2 1 0  
4 .8 9 8 2  
8 .5 5 8 6  
10 .5842  
8 .8 8 0 6  
7 .4 5 5 8  
7 .4 5 6 9  
2 .9 7 7 2  
0 .3 9 6 4  
-  0 .4201  
0 .5005
-  0 .4 8 5 5
t a l
4 .6 9 9 0
-  1 0 .9 5 1 6
-  8 .5 7 5 8
-  3 .3 3 0 7  
O .38O9 
0 .0 7 4 5  
O.O744  
0 .4 7 5 7  
0 .3 1 5 0
0 .0 9 8 4
-  0 .4 7 8
-  O0O865
t c 3
M a tr ix  G . ( c o n t 'd ) 1 0 7 .
0 .9 7 7 5  
1 4 .1 8 0 0  
8 .9 4 6 1  
1 .0331  
4 .1 8 6 1  
4 .8 8 8 3  
4 . 88S6 
3 .5 9 4 2  
1 .4 0 5 5  
0 .1 0 2 4  
0 .4 8 5 9  
0 .6 1 9 1
t a 2 t a 3
6 .0 2 0 4
1 .9182
4 .5 8 5 7
1 1 .6 0 5 1
IO .4502
4 .7 6 7 1
4 .7 7 0 0 .
*" 6 . 40O9
5 .5 3 9 7  
2 .1 7 9 4  
0 .4782  
1 .2 1 1 2
ta5
0 .2 1 6 1
0 .0 1 3 6
0 .9 1 0 8
2 .7 4 0 5
4 .2 5 3 5
3 .9 7 8 3
3 .9 6 5 3
0 .8 7 1 8
8 .3 2 1 0
I I .0071
9.3272
26.0612
F
0 .0 0 0 7  
0 .0 0 6 5  
0 .0 1 4 7  
0 .0 1 6 0  
■0.0187 
0 .0 4 5 7  
0 .0465  
0 .1 9 0 2  
0 .3 8 6 2  
0 .3 1 0 8  
0 .8 4 3 7  
. 1 .6512
0 .1 0 9 8
1 .4582
4 .4129
6 .9 6 4 8
I . I 647
5 .1 6 1 3
5 .1 6 6 3
13 .3762
7 .9 0 8 2
I .O 989
1 2 .5 5 7 3
16.7169
t a 4
F
0 ,0 1 8 8
O.O365
0.0232
0 .0 9 3 9
0 .3 9 6 5
0 .5 3 3 3
0 .5 4 0 6
O .876I
0 .2219
3 .4 1 2 7
11 .6256
1 4 .9 8 2 0
1 0 8
M u l t ip ly in g  m a t r ix  E “by t e m p e r a t u r e ,  ( m a t r i x  T) an d  a p p r o p r i a t e  v a lu e ,  
d e f l e c t i o n s  a r e  o b ta in e d  f o r  e a c h  t e s t  s e p a r a t e l y .
P i n a l  b e n d in g  moments p e r  u n i t  E v a lu e  a r e  o b ta in e d  by  m u l t i p l y in g  m a t r ix  G 
by  te m p e r a tu r e  ( m a t r i x  T) and a p p r o p r i a t e  v a l u e .  T e m p e ra tu re  m a t r ix  T i s  
shown on t h e  f o l lo w in g  p a g e s .  The t e s t  num ber i s  shown a t  th e  to p  o f  e a c h  
p a i r  o r  s i n g l e  co lum n . I n  c a s e  o f  a  p a i r  o f  co lum ns r e p r e s e n t i n g  one t e s t ,  
t h e  f i r s t  colum n shows te m p e r a tu r e  g r a d i e n t s  s t a r t i n g  w i th  th e  r o o f  g r a d i e n t ,  
t h e n  g r a d i e n t  a t  t h e  t o p  o f  t h e  u p p e r  beam , g r a d i e n t  a t  t h e  b o tto m  o f  u p p e r  
beam , a t  t h e  to p  o f  lo w e r  beam and  a t  th e  b o tto m  o f  lo w e r  beam . The same 
se q u e n c e  i s  fo l lo w e d  i n  t h e  sec o n d  colum n s t a r t i n g  w i th  s i x  p o s i t i o n s  from  
th e  to p  w i th  th e  a v e ra g e  te m p e r a tu r e  o f  th e  r o o f .
I n  c a s e  o f  a  s i n g l e  colum n r e p r e s e n t i n g  a  t e s t ,  f o r  exam ple t e s t  3~ 4 , 
g r a d i e n t s  a r e  i d e n t i c a l  t o  t e s t  No. 3 .
The d e c i s i o n  to  d iv id e  te m p e r a tu r e  m a t r ix  i n  t o  g r a d i e n t  and  a v e ra g e  
te m p e r a tu r e  colum ns w as made b e c a u s e  o f  u n ev en  v a l u e s ,  and  e a c h  colum n 
was f i n a l l y  u s e d  w i th  i t s  a p p r o p r i a t e  v a lu e  o f  th e  c o e f f i c i e n t  o f  e x p a n s io n .
F o u r  C o m p o n e n t  -  T .  M a t r i x
1 - 2  2
1 0 .7 5 0 10 .75 0 8 .5 0 0
1 0 .0 0 0 1 0 .0 0 0 4 .0 0 ' 0
1 0 .0 0 0 10 .00 0 4 .6 0 0 ,
9 .5 0 0 : ^  9 .5 0 0 4 .0 0 0
4 .0 0 ■ 0 4 .0 0 0 2 .6 0 0
0 - 0 .8 7  . 0 1 .13 ’ 0 . 7 .7 5
0 1 4 .5 0  • 0 ll4 .5 0 0 • 15 .00
0 1 3 .5 0 0 13.50 0 .*■’ . 1 3 .6 0
0 1 5 .5 0 0 13 .50 0 1 4 .8 0
0 2 .5 0 0 3 .5 0 - O ' 1 .8 0
0 0 0 0 0 0
o ; 0 0 0 * 0 0
5 . 3 - 4 . * <4
12*50 0 0 P4*00 0
8 .8 0 0 0 . 29©20 -  0
5 .3 0 0 0 . . r 4 22*00 0
6 .5 0 0 0 c. . 2 0 .0 0 0
3 .8 0 0 . • 0 9 .2 0 0
0 15.75 11 ©50 • £ e / ‘ 0 ; 2 8 .0 0
0 2 5 .0 0 2 3 .0 0 * 0 3 9 .0 0
0 22*60 . I 20*60 -  0 3 4 .3 0
0 2 4 .5 0 2 2 .5 0 • o ' 3 6 .3 0
0 5 .2 0 2 .8 0 v .. • ' • 0  ' ;• 9 .2 0
0 0 0 ' .0 0
0 0 - 0 • 0 ; 0
■ . . .  " • , '11 Oo
F o u r Component -  T . M a tr ix  ( c o n t * d) : \
5 . , : . 6  . • • „ 6" 7 '
1 3 .5 0 0 13 .5 0  . .0  .
‘I
■ v  0 .
6*30 0 6 .8 0 0 ’ • . 0  . ’ •
• 8 .8 0  / 0 6 .0 0 0 \ 0 -  •
6 .2 0 O ' 5 .9 0 0 0 .
2 .8 0 0 4 .0 0 0 0
0 19 .50 0 " 2 1 .0 0 , 2 7 .0 0
0 2 7 .0 0 0 2 3 .6 0 2 8 .6 0
0 * 2 6 .8 0 / 0 2 2 .0 0  • 2 7 .0 0
0 2 6 .8 0 0 2 3 . 5 0 . 2 8 .4 0
0 6 . 4O . 0 5 .4 0 10 .40
0 0 0 0 V 0 • '•
0 0 0 0 ... 0
7 7 -8
a)
8
•
3 2 .0 0 0 0 ■' ' . >! 3 3 .5 ° 0
2 5 .2 0 0 0. .. 2 6 .4 0 0
.19 .60 0 0 2 2 .4 0 ‘ 0
1 6 .2 0 0 0 2 2 .4 0 0
7 .5 0 0 0 13 . 2 0 . 0
0 2 2 .0 0 - , * 17 .00 ... ■ ‘ . * ’ . 0 1 4 .00
0 3 4 .0 0 3 0 .0 0 * “ C  o . 2 6 .6 0
0 3 1 .8 0 2 7 .6 0 • .0 2 6 .4 0
0 3 2 . 8 0 : 2 8 .6 0 ■ • • 0  : 2 7 .8 0
0 8 .0 0 ' 4 . 0 0 , /; '• . ■ .* 0 ; 9 .5 0
0 0 0 0 0
0 0 0 • 0 0
4
'
F o u r Com ponent -  T . P rla trix  (co n tV d )
8 -9 10 ■./ ' 1 * ' . / 10-3
0 2 4 .5 P ' 0
0 1 7 .4 0 ; o 0
0 1 3 .4 0 .. 0 0
0 1 3 .20 ■ 0 '  • 0
0 7 .7 0 0 *' * :Y  •. 0
2 0 .0 0 0 7 .8 0 3 .0 0
3 2 .0 0 .■ . 0 ^  * 17 .00 15 .0 0
3 1 . 80" 0 16 .60 13.80
3 3 .0 0 0 1 7 .4 0 15 .00
15 .00  . 0 5 .0 0  , 0 .8 0
0 0 0  ■ . . . ° :
0 0 : 0 0
11 . 11 -1 2  ' 12
. .a- • ' v  ".• V .
- 4 o 5 0  . 0 0 • 3 . 0 0 0
6 .0 0 0  • 0
J
1 . 5 0 • 0 .
6 .0 0 0 0 - . 2 . 2 0 0
6 . 5 0 0 0 V,  ; ■ ' . . 1 . 0 0 0
1 . 4 0 0 0 ■ ■' • " /  • : . 0 . 8 0 0
0 2 6 . 5 0 ' 2 0 . 0 0 0  , 8 . 0 0
0 3 2 . 2 0 2 7 . 2 0
:  j  . .  X 0 1 0 . 2 0
0 - 3 2 . 0 0  ^ 2 7 . 0 0 0 9 .6 0
0 3 2 . 0 0 ' 2 7 . 0 0 O ' 1 0 . 4 0
0 7 . 4 0 3 . 8 0 0  ' 5 . 0 0
0 0 0  .. 0 0
0 0 0 0 0
F o u r  C o m p o n e n t  -  T .  M a t r i x  ( c o n t i n u e d )  1 1 2 ,
1 2 -1 3  . 13 . . ;• 1 3 -1 4
0  5 .o o  ; 0 ' '5 0 :
0 2 .0 0  o ' -  . 0
• 0 ■ 2 .4 0  0 0
0 0 .4 0  0 . . ' . 0
0 ' . 1 .2 0  0 0
10 .00  0  1 1 ,00  12 ,50  \
1 1 .0 0  0 11 .40  13 i 00
10 .50  , 0 10 .50  .■ ■ 11 .60  ;
1 1 .2 0  0 10 .20  . 11 .60
5 .7 0  0 0 .7 0  . 1 .4 0
0 O '  0  . 0
0 • * 0 0  : • 0 '
14 15 :
12*00 0 2 2 .0 0 0 ; 0
13 .00 0 16 .00 0 0
1 0 .0 0 0 • •11.00 0 0 -
8 .6 0 0 10 .40 0
•S.
O'
5 .6 0 0 4 .8 0
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2 .8 .1 *  I n t r o d u o t  io n
As t e s t i n g  p ro c e e d e d  a d d i t i o n a l  in s t r u m e n ta t i o n  was in t r o d u c e d  and  
e x i s t i n g  i n s t r u m e n ta t i o n  im p ro v e d . R e s u l t s  o f  t h e  t e s t s  a r e  shown i n  
g r a p h i c a l  form  and  th e  com m entary  i s  l i m i t e d  t o  g e n e r a l  c o n s i s t e n c y  and  
p re d o m in a n t t r e n d s .
To d i s t i n g u i s h  b e tw ee n  th e  e x p e r im e n ta l  r e s u l t s  and  c a l c u l a t e d  p o i n t s  
th e  l a t t e r  a r e  shown a s  c o n t in u o u s  c u rv e s  l i n k i n g  a  s e r i e s  o f  p o i n t s .  T h is  
n o t a t i o n  a p p l i e s  e q u a l l y  t o  t h e  d e f l e c t i o n  and s t r e s s  g r a p h s .
G e n e r a l ly  a l l  a v a i l a b l e  r e a d in g s  w ere ta k e n  i n  e a c h  t e s t  and th e  
r e a d in g s  w h ich  w ere o m it te d  im p ly  some f a u l t  i n  a  p a r t i c u l a r  t e s t .  L o s t 
Demec p o i n t s ,  a  b ro k e n  d ia m e te r  g a u g e , f a u l t s  i n  t h e  e l e c t r i c  s y s t e ,  t h e s e  
a r e  t y p i c a l  e x a m p le s . The e x p e r im e n ta l  te c h n iq u e  was im p ro v in g  from  t e s t  t o  
t e s t  and  some g ra d u a l  p r o g r e s s  h ad  b e e n  made to w a rd s  p e r f e c t i o n .  The c y c l i c  
sy s te m  o f  t e s t i n g  w ould  h av e  b e e n  p r e f e r a b l e ,  b u t th e  t im e  f a c t o r  p e r m i t te d  
o n ly  one c y c le  o f  t h r e e  s e t s  o f  r e a d in g s  ( t e s t s  1 5 ? 16 and 17)®
To o b ta in  a  s t e e p  te m p e r a tu r e  g r a d ie n t  th e  e x t e r n a l  f a c e  o f  th e  m ain  
fram e  was c o o le d  w i th  w a te r  i n  t e s t s . 1 ,4 ,7 ? 8 ,1 0 ,1 5 ,1 6  and 1 8 . The 
o p e r a t i o n a l  p ro c e d u re  was e s t a b l i s h e d  and  a d h e re d  t o  th ro u g h o u t  th e  program m e. 
T e m p e ra tu re s  w ere r e a d  t w i c e ,  once a t  th© b e g in n in g  o f  th e  s e t  of r e a d in g s  
and  once a t  th e  end  i n  c a s e  o f  t h e  " h o t"  c o n d i t io n  an d  an  a v e ra g e  t a b u l a t e d .  
I n t e r n a l  Demec s t r a i n s  w ere  r e a d  n e x t  fo l lo w e d  by  th e  e x t e r n a l  s t r a i n s  and  
s t r a i n s  i n  th e  c r o s s  beam s. The d e f l e c t i o n s  w ere m easu red  b y  r e a d in g  f i r s t  
th e  i n t e r n a l  d ia m e te r  g a u g e , th e n  e x t e r n a l  d i a l s  and i n  t h e  l a t e r  t e s t s  th e  
r e f e r e n c e  fram e d ia m e te r  gauge  a l s o .
1 1 4
2 . 8 .  P r e s e n t a t i o n  a n d  i n t e r p r e t a t i o n  o f  r e s u l t s .
1 1 5
The f i r s t  tw o t e s t s  w ere c a r r i e d  o u t to  c h e c k  i n s t r u m e n t a t i o n .  T h ese  
t e s t s  w ere  n o t  num bered  and  s in c e  th e y  showKth e  r e q u i r e d  te m p e r a tu r e  
d i s t r i b u t i o n  th e  program m e commenced w ith  t e s t  N o .1 .
E ig h te e n  " h o t"  t e s t s  w ere  c a r r i e d  o u t on th e  m o d e l.
The t o s i s  te rm e d  " h o t"  w ere one d ay  t e s t s  w i th  r e a d in g s  ta k e n  in  t h e  m o rn in g  
a t  i n i t i a l  te m p e r a tu r e  and  i n  th e  e v e n in g  a t  s te a d y  maximum te m p e r a tu r e  f o r  
t h e  c o n d i t io n  o f  a p p l i e d  pow er and  s u r f a c e  c o o l in g .  T h ese  t e s t s  w ere m arked  
1 ,2 ,3  e t c .  The "C o ld "  t e s t s  m arked  1 -2 ,  2 -3  e t c .  w ere r e t u r n  t e s t s  w i th  
maximum s te a d y  te m p e r a tu r e  o f ,  f o r  e x a m p le , t e s t  N o. 1 an d  i n i t i a l  t e m p e r a tu r e  
o f  t e s t  N o. 2 . T h e re  c o u ld  be a  t im e  i n t e r v a l  b e tw een  th e  h o t  and c o ld  
r e a d in g s  o f  one to  s e v e r a l  w eek s .
N ot a l l  " c o ld ” t e s t s  w ere f u l l y  w orked  o u t s in c e  r e p l a c e d  Demec p o i n t s ,  
r e p l a c e d  d ia m e te r  g a u g e , o r  pow er f a i l u r e  som etim es made i t  im p o s s ib le .
Out o f  e ig h te e n  ,fh o t “ t e s t s  t h r e e  t e s t s  p ro v id e d  o n ly  i n i t i a l  r e a d i n g s :
1) t e s t s  N o. 5 was d e s ig n e d  t o  in t r o d u c e  a  new d ia m e te r  gauge 2) t e s t  N o. 9 
w as aban d o n ed  when th e  d ia m e te r  gauge  was a c c i d e n t a l l y  b ro k e n  and 3) t e s t  
N o. 17 was d i s c o n t in u e d  a f t e r  t h r e e  h o u rs  o f  h e a t i n g  ow ing  to  a  pow er f a i l u r e .
A l l  t e s t s  w ere d iv id e d  i n t o  t h r e e  g ro u p s .  I n  th e  f i r s t  g ro u p  th e  
e x t e r n a l  s u r f a c e s  o f  t h e  m odel w ere  n o t  c o o le d ,  r e s u l t i n g  i n  low  g r a d i e n t s  
i n  th e  m ain  fram e an d  h ig h  a v e ra g e  te m p e r a tu r e  i n  th e  c ro s s -b e a m s . T h e re  
w ere  e le v e n  t e s t s  i n  t h i s  g ro u p  t h r e e  o f  w h ich  a r e  shown on th e  e n c lo s e d  
g r a p h s .  T e s t  N o. 2 ( P i g .  2 6 -2 9 ) and  t e s t  N o. 11 ( F i g .  3 0 -3 3 ) a t  th e  
b e g in n in g  and  th e  m id d le  o f  t h e  programme w ith  t e s t  N o. 1 1 -1 2  ( F ig .  34?35) 
s i n g l e d  o u t a s  an  exam ple  o f  th e  c o ld  t e s t .
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The n in e  t e s t s  i n  t h e  sec o n d  g ro u p  w ere te rm e d  w et t e s t s  w ith  w a te r  
c o o l in g  th e  e x t e r n a l  f a c e s  o f  t h e  m ain  fram e# T e s t s  s in g l e d  o u t from  t h i s  
g ro u p  w e re ; 1) t e s t  No. 4 ( F ig -  3 6 -3 9 ) s i g n i f i c a n t  b e c a u s e  o f  th e  maximum 
a v e ra g e  te m p e r a tu r e  i n  th e  s e r i e s  o f  t e s t s ,  2) t e s t  N o. 8 ( F ig .  1 9 -2 2 ) 
f u l l y  w orked  u p  in  an  e x p e r im e n ta l  a n a l y s i s  and  a l s o  s i g n i f i c a n t  f o r  a  h ig h  
a v e ra g e  te m p e r a tu r e  an d  g r a d i e n t  3) t e s t s  N o. 10 ( F i g .  4 0 -4 3 )  w here t h e  
g r a d i e n t  was h ig h  w i th  f a i r l y  low  a v e ra g e  te m p e r a tu r e .
Minimum a v e ra g e  te m p e r a tu r e  and  h ig h  g r a d i e n t  w ere  c h a r a c t e r i s t i c  o f
th e  g ro u p  N o. 3 w h ich  i s  r e p r e s e n te d  by t e s t  No. 1 8 . ( F i g .  4 4 - 4 7 ) “
The d i v i s i o n  to  t h r e e  g ro u p s  o f  t e s t s  fo llo w e d  t h e  th o u g h t  t h a t  i f  i t  
was p o s s ib l e  t o  show t h a t  th e  e x p e r im e n ta l  r e s u l t s  a r e  w e l l  m a tch ed  up  by  
t h e  th e o r y  in  e ac h  o f  t h e  g ro u p s  t h e  p r i n c i p l e  o f  s u p e r p o s i t i o n  o f  t h e  
a v e ra g e  te m p e r a tu r e  on th e  te m p e r a tu r e  g r a d i e n t  e f f e c t s  c o u ld  be p ro v e d . 
T h is  c o u ld  o n ly  be a t te m p te d  u s in g  th e  ty p e  o f  a  s i m p l i f i e d  m odel w hich  
a llo w s , in d e p e n d e n t w ide v a r i a t i o n  i n  m ag n itu d e  o f  b o t h ,  a v e ra g e  te m p e r a tu r e  
and  te m p e r a tu r e  g r a d i e n t .
2 . 8 . 2 .  T e m p e ra tu re s
T e m p e ra tu re s  i n  t h e  m odel w ere shown on two t y p e s  o f  g r a p h s .
The a v e ra g e  te m p e r a tu r e  o f  t h e  m odel ( F i g s .  1 9 ? 2 6 ,3 0 ,3 6 ,4 0  and  44) w ere 
r e p r e s e n t e d  a s  t e m p e r a tu r e s  o f  t h e  c ro s s -b e a m s  and  a c t u a l  v a lu e s  m arked  a s  
p o i n t s  on th e  g r a p h s .  The te m p e r a tu r e s  w ere a p p ro x im a te d  b y  tw o s t r a i g h t  
l i n e s  w i th  a  b re a k  c o in c i d e n t  w ith  t h e  t h e o r e t i c a l  d i v i s i o n  o f  th e  s id e  beam 
i n t o  tw o e q u a l  beam s.
1 1 7
W all te m p e r a tu r e  o f  th e  m odel w ere  shown on F i g s .  2 0 ,2 7 ,3 1 ,3 7 ,4 1  and  
45* The l i n e s  m arked  I  and  R r e p r e s e n t  i n i t i a l  te m p e r a tu r e  r e a d in g  b e f o r e  
t h e  t e s t  b e g an  and t e m p e r a tu r e s  t o  w h ich  m odel r e t u r n e d  when th e  n e x t  t e s t  
commenced. To o b ta in  l i n e a r  te m p e r a tu r e  d i s t r i b u t i o n  tw o a d d i t i o n a l  
e x t e r n a l  r e s i s t a n c e s  w ere  ad d ed  t o  t h e  o r i g i n a l  s e t  o f  c ro s s -b e a m s  p ro d u c in g  
a c c e p ta b le  p a t t e r n .  The te m p e r a tu r e  g r a d i e n t s  w ere m e asu re d  b e tw ee n  l i n e s  
m arked  H and C r e p r e s e n t i n g  h o t  and c o ld  fa c e  o f  th e  beam . The d i v i s i o n  o f
th e  beam and  o th e r  m a rk in g s  w ere  a l r e a d y  e x p la in e d  a b o v e .
2 . 8 . 3» D e f l e c t i o n s
The d e f l e c t i o n  g ra p h s  show d e f l e c t i o n s  up  th e  h e ig h t  o f  th e  m odel i n  
in c h e s  x  10*“^ u n i t s .  A n a ly t i c a l  r e s u l t s  a r e  draw n i n  f u l l  l i n e  w ith , t h e  
r e s u l t s  o f  e x p e r im e n ta l  d ia m e te r  gauge shown a s  open  c i r c l e s  and e x t e r n a l  
d i a l  g a u g e s  m arked  t h u s  x .
I n  t h e  e a r l y  t e s t s  N os. 1 , 2 and  3 d e f l e c t i o n s  w ere o b ta in e d  from  th e  
a v e ra g e  s t r a i n  r e a d in g s  ta k e n  on b o th  s i d e s  o f  th e  c ro s s -b e a m s  and  by  
e x t e r n a l  d i a l s  a s ' a  c h e c k  on th e  m ain  i n s t r u m e n t a t i o n .  I t  was r e a l i s e d  
f a i r l y  e a r l y  t h a t  d e f l e c t i o n s  m easu red  a s  h o r i z o n t a l  s t r a i n s  on th e  c r o s s ­
beam s d id  n o t  r e p r e s e n t  t r u e  d e f l e c t i o n s  s in c e  t h e r e  a lw ay s  v/as th e
p o s s i b i l i t y  o f  th e  beam s bow ing  i n  a  v e r t i c a l  p la n e  and th e  s p e c i a l  d ia m e te r  
gauge  was c o n s t r u c t e d .  T h is  gauge was f i r s t  u s e d  i n  t e s t  N o. 5 and  c o n t in u e d  
t o  be u s e d  t o  th e  end o f  t h e  programme a s  a  m ain  d e f l e c t i o n  m e asu re m e n t.
1 1 8
I n  t e s t  N o. 2 d e f l e c t i o n s  m e asu re d  by  s t r a i n  r e a d in g s  o f  th e  c r o s s ­
beam s show good a g re em e n t w i th  th e  t h e o r e t i c a l  c u rv e  ( F ig .  No. 2 0 ) and  
ch eck  p o i n t s  p r o v id e d  b y  e x t e r n a l  d i a l s  a l s o  fo l lo w  th e  p a t t e r n .  T e s t  
No. 4 ( F ig .  3 8 ) u n d e r l i n e s  th e  sh ap e  o f  th e  c u rv e  r a t h e r  th a n  a g re em e n t 
o f  a c t u a l  v a lu e s  an d  s t r e s s e s  th e  im p o r ta n c e  o f  a  r e l i a b l e  m ethod o f  
m e asu re m e n t. '  :
T h is  m ethod was fo u n d  i n  th e  new d ia m e te r  gauge an d  t e s t s  No. 8 ,1 0 ,1 1 ,  
11—12 and 18 ( F ig .  2 1 , 3 2 ,3 4 » 4 2 > 4 6 ) show v e r y  good a g re e m e n t b e tw ee n  
e x p e r im e n ta l  and t h e o r e t i c a l  r e s u l t s .  The change  i n  s c a l e  o f  d e f l e c t i o n s  
w i l l  b e  n o te d  i n  t e s t  N o. 1 8 .
The re m a in in g  t e s t s  showed good  a g re e m e n t b e tw een  e x p e r im e n ta l  and  
t h e o r e t i c a l  d e f l e c t i o n s  w i th  t h r e e  t e s t s  e x c e p t i o n a l l y  g o o d , th e  e x c e p t io n  
w as f o u r  t e s t s ,  two o f  w h ic h  w ere  e a r l y  t e s t s  show ing  u n e x p e c te d  d i f f e r e n c e s  
a t  th e  m id d le  z o n e s .
A tte m p ts  a t  m e a s u r in g  th e  " d i s h i n g 1’ o f  th e  r o o f  w ith  d i a l  g a u g es  w ere  
n o t  s u f f i c i e n t l y  a c c u r a t e  and no  g ra p h s  w ere  p ro d u c e d .
2 .8 .4 *  S t r e s s e s
The s t r a i n s  a s s o c i a t e d  w i th  s t r e s s e s  i n  th e  m odel and  o b ta in e d  a s  
d i f f e r e n c e  b e tw een  m e asu re d  s t r a i n s  and f r e e  o r  u n r e s t r a i n e d  te m p e ra tu re  
s t r a i n s  w ere  te rm e d  s t r e s s e s  p e r  u n i t  E v a lu e s  o r  j u s t  s t r e s s e s .  The 
t h e o r e t i c a l  s t r e s s e s  w ere  a l s o  d e te rm in e d  i n  te rm s  o f  E v a lu e s  and  th e  
g ra p h s  a r e  p r e s e n te d  i n  t h i s  fo rm  f o r  c o n v e n ie n c e  o f  c o m p a r iso n .
1 1 9
The co m p ariso n  b e tw e e n  t h e o r e t i c a l  and  e x p e r im e n ta l  s t r e s s e s  ( F i g s . 2 2 , 
2 9 ,3 3 ,3 5 > 3 9 > 4 3 > 4 ? ) o u t l i n i n g  v e r y  c lo s e  s i m i l a r i t y  o f  im a g in a ry  l i n e  .draw n 
th ro u g h  e x p e r im e n ta l  p o i n t s  and  th e  f u l l  l i n e  r e p r e s e n t i n g  t h e o r e t i c a l  
r e s u l t s  r e n d e r s  c o n f id e n c e  i n  b o th  a n a l y s e s .  I n  th e  m a j o r i t y  o f  th e  o t h e r  
t e s t s  n o t  p r e s e n te d  i n  a  g r a p h ic a l  fo rm , th e  a g re em e n t w as e q u a l ly  good w i th  
th e  e x c e p t io n  o f  two t e s t s  o f  minimum g r a d i e n t  w here th e  r e s u l t s  Y/ere p o o r e r  
A lso  i n  t h i s  g ro u p  f o u r  t e s t s  h ad  e x c e p t i o n a l l y  good c o m p a riso n  and  two 
t e s t s  shown g e n e r a l l y  good a g re e m e n t b u t  a  l a r g e  s c a t t e r  o f  e x p e r im e n ta l  
p o i n t s .
2 .8 .5 *  D is c u s s io n  
D e f le c t io n s
I t  w as e v id e n t  from  th e  d e f l e c t i o n s  o f  t e s t s  1 ,2  an d  3 t h a t  th e  
s u s p e c te d  bow ing  o f  c ro s s -b e a m s  i n  th e  v e r t i c a l  p la n e  n e v e r  to o k  p la c e  b u t  
s in c e  a  f a s t e r  and  m ore r e l i a b l e  m ethod  w as fo u n d  ( th e  d ia m e te r  g a u g e ) th e  
h o r i z o n t a l  s t r a i n  r e a d in g  o f  t h e  c ro s s -b e a m s  was ab an d o n ed  a f t e r  t e s t  N o .3 . 
From d e f l e c t i o n s  o f  t e s t s  No. 8 , 1 0 , 11 and  18 and o t h e r  t e s t s  some 
d i s c r e p a n c y  b e tw ee n  t h e o r e t i c a l  a n d  e x p e r im e n ta l  r e s u l t s  a t  th e  f o o t  o f  
th e  m odel Y/as n o te d .
One e x p la n a t io n  o f  t h i s  d is c r e p a n c y  c o u ld  b© a t t r i b u t e d  to  th e  
a s s u m p tio n  o f  f u l l  f i x i t y  b e tw een  th e  w a l l s  o f  th e  m odel and th e  f o u n d a t io n  
b lo c k ,  th e  a s s u m p tio n  b e in g  f u l l y  j u s t i f i e d  b y  th e  c a l c u l a t e d  s t i f f n e s s  
r a t i o ,  and  th e  o t h e r  to  th e  a b s o r p t io n  o f  h e a t  by  tlie  f o u n d a t io n  b lo c k .
S in c e  th e  fo u n d a t io n  was n o t  s u f f i c i e n t l y  in s t r u m e n te d  t o  m easu re  e x p a n s io n  
and  t e m p e r a tu r e  r i s e  some c o r r e c t i o n  c o u ld  be  j u s t i f i e d  t o  a c c o u n t f o r  t h i s  
m ovem ent. S tu d y  o f  t h e  d e f l e c t i o n  g ra p h s  l e a d  to  th e  d e c i s i o n  t h a t  su ch
c o r r e c t i o n  was u n n e c e s s a r y  and  t h a t  a n  a s s u m p tio n  o f  f u l l  f i x i t y  was 
r e a s o n a b le .  The d e f l e c t i o n  c h eck  p o i n t s  on th e  g ra p h s  p ro d u c e d  b y  
e x t e r n a l  d i a l  g a u g e s  f i x e d  to  th e  c a n t i l e v e r  r e f e r e n c e  fram e  and  m arked  X 
shows r e a s o n a b le  a g re e m e n t w ith  o t h e r  e x p e r im e n ta l  r e s u l t s .  I n  t h e  e a r l y  
s t a g e s  o f  t e s t i n g ,  th e  r e f e r e n c e  fram e  was s u s p e c te d  o f  bow in g  movement due 
to  th e  c h a n g e a b le  te m p e r a tu r e  i n  t h e  l a b o r a t o r y  and  a  r e f e r e n c e  b a r ,  
s i m i l a r  t o  th e  d ia m e te r  g au g e  w as c o n s t r u c t e d  m e a s u r in g  h o r i z o n t a l  movement 
a t  th e  to p  o f  th e  c a n t i l e v e r s .  U n f o r tu n a te ly  t h i s  g au g e  g av e  so  much 
t r o u b l e  t h a t  r e a d in g s  c o u ld  n o t  be r e l i e d  o n , and  s in c e  th e  sy s te m  v/as o n ly  
d e s ig n e d  to  c h ec k  w hat w as p r o b a b ly  th e  m o st r e l i a b l e  r e a d in g s  ( th e  
i n t e r n a l  d ia m e te r  g a u g e )  no  w e ig h t  w as a t t a c h e d  to  th em .
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The e a r l y  t e s t s  were c a r r i e d  out w i t h  a w r i t e r  r e c o r d in g  r e s u l t s  
i n  th e  r e s u l t  c h a r t .  At t h i s  s t a g e  any m is t a k e s  i n  r e a d in g  o f  th e  
in s t r u m e n ts  c o u ld  e a s i l y  be c o r r e c t e d .  In  th e  l a t e r  s t a g e s  however  
th e  r e s u l t s  were r e c o r d e d  on ta p e  and th e  r e s u l t  c h a r t s  f i l l e d  in  
a f t e r  th e  t e s t .  T h is  method a l th o u g h  f a s t e r  a t  th e  t im e  o f  th e  t e s t  
d id  n o t  a l lo w  f o r  r e p e t i t i o n  o f  f a u l t y  r e a d in g s  and t h e  m is t a k e s  had t o  
be ig n o r e d ,  en b l o c k ,  i n  f u r t h e r  t a b u l a t i o n  o f  r e s u l t s .  In  " w et11 
t e s t s  s t r a i n  r e a d in g  o f  th e  o u te r  f a c e  o f  th e  model w ere ta k en  w i t h  
w a te r  f lo w in g  over  th e  s u r f a c e .  T h is  made th e  r e a d in g s  more d i f f i c u l t
a l th o u g h  t h e r e  i s  no e v id e n c e  t h a t  t h e y  were l e s s  a c c u r a t e .
\ ...
Group o f  t e s t s  r e p r e s e n t e d  by T e s t  iNlo . l 8  where th e  a v e r a g e
te m p e r a tu r e  was red u ced  t o  th e  minimum and a g r a d i e n t ,  m a in ta in e d  a t  
th e  a v e r a g e  l e v e l ,  was d e s ig n e d  t o  ch eck  on th e  p r i n c i p l e  o f  s u p e r ­
p o s i t i o n *  . . T h is  p r i n c i p l e  was c o n f ir m ed  when th e  e f f e c t s  o f  
te m p e r a tu r e  g r a d ie n t  on. s t r e s s e s  sup er im p o sed  on t h e  a v e r a g e  tem p era ­
t u r e  e f f e c t s ,  p roduced  a summary e q u i v a l e n t  t o  th e  r e s u l t s  o f  t e s t s  
w it h  h ig h .a v e r a g e  te m p e r a tu r e  and tem p e r a tu r e  g r a d i e n t .
T e s t s  i n  group o n e ,  w i t h  low  or minimum g r a d i e n t s ,  p roduced  th e  
o t h e r  f a c t o r  f o r  s u p e r p o s i t i o n .  The summary was r e p r e s e n t e d  by th e  
group tw o , where g r a d i e n t s  and a v e r a g e  t e m p e r a tu r e s  w ere h ig h .
T h is  ty p e  o f  i n v e s t i g a t i o n  c o u ld  n o t  p o s s i b l y  be c a r r i e d  out on 
c y l i n d r i c a l  m od els  where g r a d ie n t  i s  t i e d  ' c l o s e l y  w i t h  th e  a v e r a g e  
t e m p e r a tu r e .
143
S t r e s s e s
A lth o u g h  th e  programme was d e s ig n e d  p r im a r i ly  t o  e x p lo r e  th e  
c y l i n d r i c a l  s t r u c t u r e  i n  i t s  s i m p l i f i e d  form some e x p la n a t io n  i s  
r e q u ir e d  a s  t o  th e  b e h a v io u r  o f  th e  r o o f  beam* The r o o f  beam was 
f u l l y  in s tr u m e n te d  in  a s i m i l a r  manner t o  th e  r e s t  o f  th e  s t r u c t u r e *  
D e f l e c t i o n  or d i s h i n g  o f  t h e  r o o f  were m easured i n  fo u r  p l a c e s ,  1 in*
2 4 . 5 ? 4 0 * 5  a n d  5 2 . 2 5  i n .  f r o m  t h e  j u n c t i o n  o f  e x t e r n a l  f a c e  o f  w a l l
\
f B ’ w i th  th e  r o o f  beam. D e f l e c t i o n s  were m easured by d i a l  g a u g e s  
f i x e d  t o  th e  D ex io n  fram e, m ea su r in g  th e  movement o f  1-J” lo n g  cop p er  
s t u d s  g lu e d  t o  th e  r o o f  beam. Two l i n e s  o f  Demec p o i n t s  on 4 in*  
module w ere f i x e d  t o  th e  to p  and bottom  f a c e s  o f  th e  r o o f  beam and 
l o n g i t u d i n a l  s t r a i n  m easurem ents were ta k e n  i n  e v e r y  t e s t .  The tem p era ­
t u r e s  were m easured in  two end and one c e n t r a l  p o s i t i o n  th ro u g h  th e  
d ep th  o f  th e  s e c t i o n  a s  d e s c r ib e d  i n  paragrap h  2.3«4»
Only one t e s t  ( t e s t  N o .8) was f u l l y  worked ou t a s  an exam ple o f
t h e o r e t i c a l  and e x p e r im e n ta l  a n a l y s i s *  The t h e o r e t i c a l  a n a l y s i s
-1commences w i th  x  = -  F W m a tr ix  and th e  v a lu e s  o f  x^ and x^ can be
*•6worked out a s  + 35 E x  1 0 ” and « 7160  E x -10* r e s p e c t i v e l y  when 
m u l t i p l i e d  by m a tr ix  T.
M  + PFrom th e  e q u a t io n  o f  j  » ~  -  j  a p p l i e d  t o  th e  r o o f  beam,
6 x /  3x h + Xr (35 )
f -  - r  ' T  '  “
CL —6  fs  7 6  x  10“ co m p r e ss io n  and 7 6 * 9  x  1 0 ” t e n s io n *
I t  can be n o te d  t h a t  th e  v a lu e  o f  x^ h as  no p r a c t i c a l  s i g n i f i c a n c e  
when th e  s t r e s s e s  a re  c o n c e r n e d .
144
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A n a l y s i s  o f  r o o f  beam
The ex p erim en tal a n a l y s is  commences w ith  a verag e  s t r a i n s  and 
tem p eratu res o f the r o o f beam*
— 5 — 6O uter fa c e  ave rag e  s t r a in  = 1 . 9 4  x  2 x  10  = 38.8  x 1 0 ”
— *5 ~6In n er fa c e  ave rag e  s t r a in  = 7 * 5 8  x  2 x 10  = 1 5 1 - x 10 ~
The ave rag e  change o f in n e r fa c e  tem peratu re was 3 1 * 5 ° F .
The a verag e  change o f o u te r fa c e  tem peratu re was minus 2 « 5 ° F .
The s t r e s s  p er u n it E a t  the fa c e  o f the beam e q u a ls s t r a i n  « >oc
' -6Com pressive s t r e s s  = 83*6  x  10**
-6
T e n s ile  s t r e s s  » 5 7 * 1  x  1 0 "
The t h e o r e t i c a l  and e x p erim en tal r e s u l t s  seem to  be com parable 
alth o u gh  not i d e n t i c a l .
3 , 1  In tr o d u c tio n
The programme o f work c a r r ie d  out a t  the B u ild in g  R esearch  
S t a t io n  r e p r e s e n ts  s tu d ie s  o f s p e c ia l  therm al problem s encountered  
in  n u c le a r  power s t a t i o n s .
The work was undertaken by D . S J , R ,  in  c o -o p e ra tio n  w ith  T a y lo r  
Woodrow C o n stru c tio n  L t d . , who seconded a team in  ch arge o f the auth or
to  work a t the S t a t io n  fo r  fo u r and h a lf  y e a r s .  The problem s were
\
in v e s t ig a t e d  by means o f s c a le  m odels. D uring the co u rse o f the- 
programme f i v e  s c a le  models were b u i l t  and t e s t e d ,  fo u r in  1 / 2 0  s c a le  
and on in  1 / 1 0  s c a l e .  M odels re p re se n te d  the P rim ary B i o l o g i c a l  
S h ie ld  o f H in kley P o in t n u c le a r  power s t a t i o n .  The f i r s t  two models 
( f i g .  48) were u n re in fo rc e d  but soon i t  became app aren t when the f i r s t  
model crack ed  due to  a f a u l t y  power sw itc h  th a t d u ra tio n  under t e s t i n g  
o f r e in fo r c e d  models w i l l  .be JLonger.
Model N o ,1 ( f i g , 48) was c o n stru c te d  w ith  a view  to  experim ent 
w ith  in stru m e n ta tio n  and stu d y  the power req u irem en ts a t  d i f f e r e n t  
l e v e l s  in  the model to  o b ta in  the re q u ire d  tem perature g r a d ie n ts  and 
te m p e r a tu r e  p r o f i l e  th r o u g h o u t  th e  h e i g h t  o f  th e  w a l l s .
• When the w a lls  o f the model crack ed  a t  the u n d ersid e o f the r o o f  
and 22-g- i n .  above the fo u n d atio n  l e v e l ,  t e s t i n g  was con tinu ed and in  
the n u m erical a n a l y s is  the c ra c k s  were assumed to  re p r e s e n t  h in g e s .
The r e s u l t s  o f n u m erical and e x p e rim e n tal a n a l y s is  was v e r y  en co u ragin g  
le a d in g  to  fu r t h e r  t e s t i n g  o f model No01 and c o n s tr u c tio n  o f models 
N o .2 and 3* D im e n sio n a lly  the model N o .1 was i d e n t i c a l  to  model N o .3  
d e sc rib e d  in  d e t a i l  in  p a ra g ra p h s 3+ 2  and 3 + 3  and the in stru m e n ta tio n  
was s im ila r  to  th a t  d e sc rib e d  in  p aragrap h  3 + 4 .
Model N o ,2 ( f i g , 4 8 ) was an e x a c t r e p l i c a  o f model N o ,1 and was
C h a n te r  *5. Program m e a t  t h e  B u i l d i n g  R e s e a r c h  S t a t i o n .
1 4 7 .
Models Nol. and No2. at the Building Research Station.
( Crown copyrights reseved.)
F i g .  4 8 .
stu d ie d  as i t  d rie d  in  the a i r  o f 't h e  la b o r a t o r y .  The ave rag e  
tem perature d is t r ib u t io n  in  the model was s im ila r  to  th a t  in  the  
main s e r i e s  o f t e s t s .  S in c e  th e re  was no fo rc e d  c o o lin g  the  
tem perature g ra d ie n t was p r a c t i c a l l y  n o n -e x is t a n t .
In stru m e n ta tio n  and c o n fig u r a t io n  o f the model was s im ila r  to  
model No.3 w hich i s  d e sc rib e d  in  d e t a i l  in  p aragrap h  3 * 3 *  B e fo re
the t e s t  began the model was f u l l y  s a tu r a te d  and the o b je c t  o f the
\
t e s t  was to re c o rd  d efo rm atio n s as i t  d r ie d  in  the tem peratu re and 
hum idity c o n t r o lle d  la b o r a t o r y .  The r e a d in g s  were p lo tt e d  on a time 
base and the t e s t  la s t e d  250  d a y s. A f t e r  th a t  p e rio d  the movements 
were i n s i g n i f i c a n t  when compared w ith  the a c c u ra c y  o f the m easuring  
in stru m e n ts.
The r e s u l t s  r e f e r  to  a s in g le  t e s t  and alth o u g h  the g e n e ra l 
tren d  can be r e la t e d  to  the p ro b ab le  b eh avio u r o f th e p ro to ty p e  the  
time f a c t o r  can o n ly be e s ta b lis h e d  when a se p a r a te  programme o f  
d ry in g  fo r  la r g e  co n crete  members i s  u n d ertak en .
Model N o . 3 ( f i g .  49)
A lthough d im e n sio n a lly  i d e n t i c a l  to  model N o .1 and model ‘N o .3  
was r e in fo r c e d  w ith  m ild s t e e l  s c a le d  re in fo rc e m e n t. The model was 
used fo r  t e s t i n g  tem perature e f f e c t s  and w i l l  be d e sc rib e d  in  more . 
d e t a i l  fu r t h e r  in  the t e x t  s in c e  i t  has be&n chosen f o r  com parison  
w ith  the s im p lif ie d  model b u i l t  a t B a t t e r s e a  C o lle g e  o f T ech n o lo gy.
Model N o ,4 ( f i g .  N o .50)
Model N o .4 d i f f e r s  from model N o .3 alth o u gh  d im e n sio n a lly  i s  
i d e n t i c a l .  The r o o f  s la b  o f the model was re p la c e d  by tw e lv e  le v e r s
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I14 9 .
Model No.3* at B.R.S. 
Instrumentation and reference frame. 
( Crown copyrights r e s e r v e d )
F i g .  4 9 .
150,
G e n e r a l  v i e w  of the l a b o r a t o r y  at B.R.S. 
F r o m  left to r i g h t  M o d e l s  No.5i 4 , a n d  3. 
( C r o w n  c o p y r i g h t s  r e s e r v e d . )
F i g .  S O .
c ap a b le  o f a p p ly in g  to  th e edge o f the c y lin d e r  u n ifo rm ly  d is t r ib u t e d  
bending moment. A u n ifo rm ly  d is t r ib u t e d  sh ear fo r c e  p ro vid e d  by a 
s e p a r a te  system  could be a p p lie d  to  the top o f the c y l in d e r  sim u l­
ta n e o u s ly . Both system s r e p la c e  the a c tio n  o f the r o o f  s la b .
Model N o .5  ( F i g .  50)
Model N o .5  was an e x a c t  r e p l i c a  of model N o .3  but in  1/10  s c a l e .
T e s t s  perform ed on t h i s  model were a g a in  a d u p lic a tio n  o f the t e s t s
\
on model N o ,3 .  The o n ly v a r ia t io n s  were the t e s t s  d esign ed  to fin d  
s t r e s s  p a tte r n  a t  the ju n c tio n  between w a lls  and the r o o f .  T e s t in g -  
was g e n e r a lly  more p o s i t i v e  w ith  the l a r g e r  movements encountered  
in c r e a s in g  the s e n s i t i v i t y  o f the m easuring in stru m e n ts.
By u sin g  t h e o r e t i c a l  a n a l y s i s  as a "y a r d  s t i c k "  com parison  
between models 3 and 5 were made.
The c o n c lu sio n  th a t  th e re  i s  no s c a le  e f f e c t  and th a t  r e s u l t s  
o b tain ed  on the model can be d i r e c t l y  r e la t e d  to the p ro to ty p e  a re  to  
be cocked u s in g  s t a t i s t i c a l  a n a l y s i s ,  by com parison o f in d iv id u a l  
t e s t s  and the r e s u l t s  a t  in d iv id u a l  l e v e l s .
F ig u re  N o .49 shows th e g e n e ra l arrangem ent o f model N o .3 and 
the fo u n d atio n  b lo ck  in  w hich H in kley P o in t s h ie ld  was used a s a 
p r o to ty p e , the model b e in g  c o n stru c te d  in  1 / 2 0  l i n e a r  s c a l e .  The gas  
d u cts  in  the w a ll  were om itted  and the number o f sta n d p ip e s  in  the  
r o o f  reduced by the p r o v is io n  o f a sm a lle r  number o f l a r g e r  h o le s o f  
e q u iv a le n t p lan  a r e a . R ein forcem en t was p ro vid ed  in  the form o f a
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1 2  s .w .g .  annealed b a rs  w ith  a y i e l d  s t r e s s  com parable to  th a t  o f  
the s t e e l  in  the p r o to ty p e . The r e in f o r c in g  mats ( f i g .  5 1 )  were 
p r e fa b r ic a t e d  u sin g  a s m a lle r  number o f a p r o p o r t io n a lly  in c r e a s e d  
s iz e  o f b a r. Because o f the s p a c in g  o f the sta n d p ip e s in  the r o o f ,  
and 5/ 16 "  b a rs  were u sed , d e c r e a s in g  p r o p o r t io n a lly  the a re a  of
s t e e l  when the y i e l d  s t r e s s  o f the re in fo rce m e n t was h ig h e r than\
th a t  in  the p r o to ty p e . The fo u n d atio n  b lo ck  in  the form o f a r in g ,  
grooved on the upper s u r fa c e  to  r e c e iv e  the w a ll  f o o t in g , and 
p ro vid ed  w ith  two c o n c e n tr ic  d u cts to  d ra in  both fa c e s  o f  the model 
was h e a v ily  r e in fo r c e d  w ith  J  i n .  and -J i n .  m ild s t e e l  re in fo rc e m e n t,  
to  p ro v id e  a h igh  degree o f f i x i t y  a t  the ju n c tio n . To o b tain  an 
even tem perature in  the r o o f  but r e t a in  t h e ir  e f f e c t  on the f l e x i ­
b i l i t y  o f the r o o f ,  the sta n d p ip e s  were f i l l e d  w ith  v e r m ic u lite  and 
s e a le d  w ith  bitum inous m a t e r ia l .
3 * 3  C o n stru c tio n  o f Model N o .3
The model was c o n stru c te d  in  a co n sta n t tem perature (6 4 °F )  and 
co n sta n t r e l a t i v e  hum idity (65%) la b o r a t o r y  where i t  rem ained th rou gh ­
out i t s  l i f e .
The fo u n d atio n  b lo ck  was c a s t  in  the in v e rte d  p o s it io n  a llo w in g  
the formwork fo r  the r e c e s s e s  to  be f ix e d  t o a  base b o ard . The 
r e in f o r c in g  c a g e , p r e fa b r ic a t e d  p r e v io u s ly  in  the workshop, was 
p la c e d  a s  one u n it .  The h e a tin g  m ats, c o o lin g  p ip e s  and thermo­
c o u p le s were then i n s t a l l e d  and se cu red  in  P P s it io n , The b lo ck  was 
c a s t  in  November i 960  and about ten  days l a t e r  in v e r te d  and p la ce d  on
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th re e  p ie r s  capped w ith  -J in *  rubber pads to  a llo w  some u n re s tra in e d  
movement o f the fo u n d ation * The in t e r n a l  s h u tte r  fo r  the c y lin d e r  
was e r e c te d  and p r fa b r ic a t e d  in  th re e  s e c t io n s ,  r e in f o r c in g  mats were 
p la ce d  in  p o s it io n ,  fo llo w e d  by h e a tin g  mats wound on 12 g la s s  ro d s  
p la ce d  one on each co rn er o f the s h u tte r *  To ensure th a t  the p r e d e te r ­
mined 'p o s it io n s  fo r  the therm ocouples were k e p t, th ese  were f ix e d  to  
the sp a cin g  rod s* The e x te r n a l  re in fo rce m e n t was p la c e d  and the 
s h u tte r in g  was brought up to  the top o f the w a lls *  B e fo re  the r o o f  
re in fo rcem e n t was p la ce d  the h e a tin g  mats were wound and pinned to  the  
r o o f s h u tte r in g *  The bottom re in fo rce m e n t was spaced i  in ® from the  
bottom fa c e  o f the ro o f s la b  and p r e fa b r ic a t e d  top re in fo rce m e n t was 
p la ce d  d u rin g c a s t in g  o p e ra tio n s*  F ig ®  51 shows the re in fo rc e m e n t, 
h e a tin g  m ats, therm ocouples and a ls o  copper form ers fo r  the sta n d p ip e s*  
The c o n c r e t e  was p la c e d  i n  one c o n t in u o u s  o p e r a t io n *  The I n n e r  s h u t t e r  
was r e le a s e d  a f t e r  one day to  p reve n t damage to  the s tr u c t u r e  and a t  
the same time o u te r s h u tte r s  were removed* The model was' wrapped in  
h e ssia n  and p l a s t i c  and r e g u la r l y  sp rayed  w ith  w ater* The co ve rs  
were removed p e r i o d i c a l l y  to  p rep are  the model fo r  t e s t in g *
‘^ • in s tr u m e n ta tio n  o f model No,5
(a ) Tem perature measurement*
The tw in  cop p er-co n stan to n ’ therm ocouples cut to  a stan d ard  
le n g th  (12 f t )  were connected through two 50  way and one 25  way 
double p o le sw itc h e s  to  a F o s t e r  p o ten tio m eter and l a t e r  to  a Kent 
autom atic re c o rd e r*  W all D o f the model was f u l l y  in stru m en ted  w ith  
1 3  groups o f therm ocouples p o s itio n e d  a t  the mid p o in t o f the 4  i n .
15 3
1 5 4 .
R o o f  r e i n f o r c e m e n t  a n d  h e a t i n g  m a t s  -  M o d e l  No.3*( 3 . R . S . )
( Grown c o p y r i g h t s  r e s e r v e d . )
F i g .  $/.
w a ll  zo n es. In  the o th er 5  w a l l s  check groups were p la c e d  a t  zones 
1 , 5 , 9  and 1 3 .  Each group in  the w a lls  c o n s is te d  of th re e  thermo­
co u p les one a t  each fa c e  and one on the h e a tin g  m at. The ro o f  
therm ocouples were spaced u n ifo rm ly  through the th ic k n e s s  o f the  
s la b  ( i . e .  one on each fa c e  and one on the c e n tre  l i n e ) ,
(b) S t r a in  m easurem ents.
S t r a in  measurements were made in  the h o r iz o n ta l and v e r t i c a l  
d ir e c t io n s  u sin g  a Demec demountable s t r a in  gau ge. On th re e  w a lls  
Demec p o in ts  were arran ged  in  a r e c ta n g u la r  p a tte r n  4 x  1 5  (o u te r  
fa c e )  and 3 x  1 3  (in n e r fa c e )  u sin g  a k i n ,  module as s ta n d a rd . The 
o th er nine w a lls  had a p a tte r n  o f p o in ts  1 x  15  (o u te r  fa c e )  and 
1 x 1 3  (in n e r f a c e ) • Two p e rp e n d ic u la r  g r id s  on each fa c e  o f the ro o f  
2 x  14  and 2 x  1 2  com pleted Demec p o in ts  arrangem ent on the m odel,
(c )  I n te r n a l  diam eter g a u g e .
A s im ila r  gauge to  th a t  used w ith  the s im p lif ie d  model was 
c o n stru c te d  u sin g  an in v a r  b ar and a M ercer gauge w ith  cupped ends to  
l o c a t e  over the b a l l  heads o f o a s t  i n  s t u d s .  M easurem ents were ta k en  
between two o p p o site  w a ll s  and check re a d in g s  between two a d d it io n a l  
p a ir s  o f w a lls  a t l e v e l s  1,5  and 9 *
(d) E x te r n a l d e f le c t io n  m easurem ents.
E x te r n a l d e f le c t io n s  were measured w ith  d i a l  gau ges re a d in g  to
0.0001  i n ,  and so arran ged  a s to  measure the d e f le c t io n s  o f two 
o p p o site  w a l l s ,  the fo u n d atio n  and the r o o f s la b .  The gauges were 
f ix e d  to  the d ecagon al r e fe r e n c e  frame f r e e l y  sup ported on the founda­
t io n  b lo c k  ( f i g .  49) which d u rin g  the cou rse o f t e s t i n g  changed 
c o n s id e r a b ly  from i t s  o r i g i n a l  d e s ig n . The complex d is t o r t io n s  o f  
the frame r e s u lt e d  in  o n ly p a r t i a l l y  s u c c e s s f u l  r e s u l t s  and i t  was
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d e c id e d  t h a t  t h i s  method was n o t  a s  r e l i a b l e  when compared w i t h  th e  
e x c e p t i p n a l l y  s e n s i t i v e  i n t e r n a l  d ia m e te r  g a u g e .  The r e s u l t s  were  
o m it t e d  i n  th e  f i n a l  g r a p h s .  D e f l e c t i o n  o f  th e  r o o f  s l a b  was
\
m easured by an in d e p e n d e n t  r e f e r e n c e  sy s te m  c o n s i s t i n g  o f  d i a l  g a u g es
f i x e d  t o  a s t e e l  box s e c t i o n  s im p ly  su p p o r te d  a t  b o th  ends on r o l l e r s
\
r e s t i n g  on t r i p o d s .  T h is  was a p a r t  o f  f u r t h e r  d eve lop m en t o f  th e  
r e f e r e n c e  frame and i s  n o t  shown on F i g .  No. 49 •
3*5 H e a t in g  and c o o l i n g  s y s te m s
(a )  H e a t in g  s y s te m .  A g l a s s  f i b r e  i n s u l a t e d  cop p er  a l l o y  w ir e  w i th
a r e s i s t a n c e  o f  0 .1  ohms p er  f o o t  l e n g t h  was u sed  th ro u g h o u t  th e
m o d e l.  A t o t a l  o f  13 w a l l  c i r c u i t s ,  c o n s i s t i n g  o f  two tu r n s  o f  th e
7 /m odel e a c h ,  w i t h  a 2 i n .  p i t c h  were p r o v id e d  8 i n .  o f f  th e  in n e r  
f a c e  o f  th e  m o d e l.  . Each mat o f  2 . 6  ohms r e s i s t a n c e  h e a te d  4 i n .  zone  
o f  th e  w a l l .  F iv e  c i r c u i t s  i n  th e  r o o f  co m p le ted  th e  h e a t in g  m ats  
. o f  th e  m od el.  The fo u n d a t io n  was w ir e d  w i th  i n s u l a t e d  s t e e l  w i r e ,  
t h e s e  mats however were n e v e r  u sed  i n  p r a c t i c e .
A c o n s t a n t  v o l t a g e  o f  30V was s u p p l i e d  by a 15 kw t r a n s f o r m e r .  
The te m p e r a tu r e  c o n t r o l  was b a se d  on a t im e sy s te m  ( f i g .  48) u s in g  
1 5  en erg y  r e g u l a t o r s  c o n t r o l l i n g  t h r e e  r e l a y  s w i t c h e s  ea ch  and 
p r o v id in g  c o n t r o l  over 45 in d e p e n d e n t  c i r c u i t s .
(b) C o o lin g  syste m . The c o o lin g  system  p ro vid ed  two independent 
r e c i r c u l a t i n g  s u p p lie s  o f w a te r ( f i g .  5 0 ) a t d i f f e r e n t  c o n tr o lle d  
te m p e ra tu re s. The "h o t"  and "warm" w ate r system s drew the w ate r
j
from  t h e  r e s p e c t i v e  l a r g e  t a n k s  i n  t h e  f l o o r  o f  t h e  l a b o r a t o r y .  The
w a te r  was pumped t o  a h ea d er  ta n k s  i n  th e  r o o f  and p a s s i n g  th ro u g h  
th e  m ix in g  v a l v e s ,  f lo w e d  t o  th e  s p r a y s  on th e  m o d e l.  A f t e r  p a s s i n g  
o v e r  th e  model th e  w a te r  was d r a in e d  t o  th e  f l o o r  s t o r a g e  t a n k s .
To p r e - h e a t  th e  w a te r  t o  th e  r e q u ir e d  tem p e r a tu r e  a 4 kw h e a t e r  was
p r o v id e d  i n  t h e  "hot" s t o r a g e  ta n k .
3*6 E x p e rim en tal a n a l y s is
The p ro c e d u r e  a d o p te d  i n  i n t e r p r e t i n g  th e  e x p e r im e n ta l  d a ta  
was s i m i l a r  t o  th e  one e x p la in e d  i n  d e t a i l  i n  c h a p te r  2 , 4 . 4 .
The in fo r m a t io n  r e c o r d e d  on t h e  s tan d ard , t e s t  r e c o r d in g  s h e e t s  w ere:
1 ,  C ir c u m f e r e n t ia l  and l o n g i t u d i n a l  s t r a i n s  on t h r e e  in n e r  and
t h r e e  o u te r  f a c e s ,
2 ,  D e f l e c t i o n s  m easured by e x t e r n a l  d i a l  g a u g e s ,
3 ,  D e f l e c t i o n s  m easured by i n t e r n a l  d ia m e te r  g a u g e .
4 ,  Tem peratures in  w a ll  D, r o o f  and fo u n d a tio n .
C o r r e c t io n s  t o  th e  e x p e r im e n ta l  d e f l e c t i o n s  in c lu d e d  c o r r e c t i o n  f o r  
th e  t h i c k n e s s  o f  th e  w a l l  t o  e n a b le  d e f l e c t i o n s  o f  t h e  in n e r  f a c e  t o  
be d i r e c t l y  compared w i t h  t h o s e  o f  th e  o u t e r  f a c e  and th e  c o r r e c t i o n  
f o r  t h e  l e n g t h  o f  th e  b r a s s  s t u d s  r e c e i v i n g  th e  gauge when b o th
i n t e r n a l  d ia m e te r  and e x t e r n a l  d i a l  g a u g es  were u s e d .
T w elve v e r t i c a l  and s i x  h o r i z o n t a l  s t r a i n  r e a d in g s  were r e c o r d e d  
a t  e a ch  l e v e l  on th e  in n e r  and o u t e r  f a c e  o f  th e  m o d e l.  From t h e s e  
r e a d in g s  d e f l e c t i o n s  and b o th  c i r c u m f e r e n t i a l  and l o n g i t u d i n a l  s t r e s s e s  
w ere o b ta in e d  a t  1 5  l e v e l s  on th e  e x t e r n a l  f a c e  and a t  1 3  l e v e l s  on 
th e  in n e r  f a c e .
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t e s t  and a p p lie d  to  o b tain  e x p erim en tal and a n a l y t i c a l  s t r e s s e s .
Thermocouple and e x te r n a l d i a l  gauge re a d in g s  w ere- reco rd ed  
fo r  each hot and co ld  c o n d it io n .
Four "h o t "  and fo u r " c o l d "  c o n s e c u tiv e  t e s t s  c o n s t it u te d  100  s e r i e s ,  
and a s  an example f i g s .  No. 5 2  io  54  show the r e s u l t s  fo r  t e s t  No.
102H . v
3*7  Comparison o f exp erim en tal r e s u l t s  w ith  th e o ry
The f i r s t  1 5  t e s t s  were r a th e r  e r r a c t i c  a t the b e g in n in g  but 
r e s u l t s  g r a d u a lly  im proved. Two t e s t s  s p e c i a l l y  d esign ed  to show f i r s t  
th e c o n tr a c tio n  o f the m odel-due to  sh o rt term d ry in g  and second the  
expan sion  o f the model when w e tte d , ru le d  out the p o s s i b i l i t y  th a t  
m o istu re movement ta k e s  p la c e  so s lo w ly  as to  have no p r a c t i c a l  e f f e c t  
on the r e s u l t s .  Q uite c l e a r l y  in  the e a r ly  t e s t s  a wide v a r ia t io n  in  
the c o e f f i c i e n t  o f expan sion  confirm ed t h i s  th e o ry  and the need fo r  a
t e s t i n g  p r o c e d u r e  whioh o o u ld  e lem in& te  m o is tu r e  movements e n t i r e l y  
le a d  to  the ado ptio n  o f the c y c l in g  system  w ith  the model f u l l y  s a tu r a te d  
throughout the t e s t .  A f t e r  t h i s  s e r ie s  o f t e s t s . t h e  c y c l i c  system  o f  
t e s t i n g  was adopted fo r  the rem ainder o f the programme.
The n ext fo u r t e s t s  showed q u ite  good r e s u l t s .  D e fle c t io n s  o f the  
c y l in d e r  were measured by fo u r independent methods i . e .  the in t e r n a l  
d iam eter gau ge, in t e r n a l  h o r iz o n ta l Demec re a d in g , e x te r n a l  h o r iz o n ta l  
Demec re a d in g  and the e x te r n a l  d i a l  g a u g e s. The fo u r d e f le c t io n s  were 
c o r r e c te d  to  the e q u iv a le n t d e f le c t io n  o f the o u te r fa c e  where
The c o e f f i c i e n t  o f  e x p a n s i o n  was fo u n d  s e p a r a t e l y  f o r  e a c h
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n e c e s s a r y  and h a l f  o f the t e s t s  showed good or a c c e p ta b le  agreem ent 
in  a l l  fo u r methods w h ile  the o th er h a l f  o f the t e s t  showed good 
agreem ent in  th re e  o f the methods w ith  the fo u rth  method o f  
measurement showing a s im ila r  tren d  some d is ta n c e  a p a r t*  The 
ex p erim en tal c u rv e s  o f lo n g it u d in a l  and c ir c u m fe r e n t ia l  s t r e s s e s  were 
in  g e n e ra l o u tlin e  and m agnitude s im ila r  to  the a n a l y t i c a l  r e s u l t s .
I t  w i l l  be noted th a t the f i r s t  two s e r i e s  o f t e s t s  i . e .  t e s t s  
up to  t e s t  N o .19  were on ly d e sc rib e d  in  v e ry  g e n e ra l term s. The 
n ext s e r i e s  o f t e s t s  w i l l  be f u l l y  d e s c r ib e d , i l l u s t r a t i n g  the r e s u l t s  
by a p p ro p ria te  grap hs ( f i g .  5 2 , 5 3 * 5 4 )  o f  one t e s t  N o .10 2H . T h is  s e r i e s  
o f t e s t s  was c a l le d  the 100  s e r i e s  and w i l l  be r e f e r r e d  to  as su ch .
The o u te r fa c e  e x p erim en tal d e f le c t io n s  agreed  w ith  th e o ry  rem ark­
a b ly  w e ll  w ith  the p o s s ib le  e x c e p tio n  o f t e s t  3 / 1 0 4  C where a sh o rt  
in v e s t ig a t io n  f a i l e d  to  r e v e a l  any m ista k e .
S t r e s s e s  were l e s s  c o n s is t e n t .  The lo n g itu d in a l  s t r e s s e s  were w e ll  
in  agreem ent w ith  th e o ry  over the f u l l  h e ig h t o f the model on the  
in n e r f a c e .  However the o u te r fa c e  showed more d is c r e p a n c ie s *  
C ir c u m fe r e n tia l s t r e s s e s  on th e o u te r fa c e  were low  when compared w ith  
th e o ry  and the in n e r fa c e  agreem ent was p a r t l y  o f f s e t  by the low  
ex p e rim e n tal v a lu e s  fo r  t e s t s  3 / 1 0 3  C and 10 4  H.
In  F i g . 54  o n ly lo n g itu d in a l  s t r e s s e s  were co n sid e re d  because o f  
in te n d e t com parison w ith  s t r e s s e s  in  the s im p lif ie d  model where 
c ir c u m fe r e n t ia l  s t r e s s e s  were n o n -e x is t e n t .
D e fle c t io n  and s t r e s s  grap h s f i g s .  5 3 * 5 4  show c o r r e c te d  and 
u n co rre c te d  c a lc u la t e d  c u r v e s . Why the c o r r e c t i o n ’ was n e c e s s a ry  and
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how i t  was a p p lie d  w i l l  now be e x p la in e d  in  g e n e ra l term s. The 
s t i f f n e s s  o f the fo u n d atio n  b lo c k  was about ten tim es th a t  o f the  
c y l i n d e r , and t h i s  l e d .t o  the assum ption o f f u l l  f i x i t y  o f the model 
in  i t s  fo u n d a tio n . D ir e c t  con d u ction  o f heat from the c y l in d e r  w a ll s
and the flo w  o f c o o lin g  w a te r over the p a r t  o f top s u r fa c e  o f the
s
fo u n d atio n  produced expansion o f the fo u n d atio n  b lo c k . As the c o o lin g
p ip e s  b u rie d  in  the fo u n d atio n  could not c o n tro l the tem p eratu res and
the number o f therm ocouples was in ad eq u ate fo r  t h e o r e t i c a l  fr e e
d efo rm atio n s o f the b lo ck  to  be determ in ed, i t .  was d ecid ed  to  c o r r e c t
fo r  fo u n d atio n  movements. U n co rrected  c u rv e s show the c a lc u la t e d
c o n d itio n  when the model was- f u l l y  f ix e d  to  i t s  fo u n d a tio n . The
d e f le c t io n  and r o t a t io n  a t  the fo o t o f the c y lin d e r  was then compared
w ith  the b e s t curve through the ex p e rim e n tal d e f le c t io n s  and the
d i f f e r e n t i a l  d e f le c t io n  and r o t a t io n  a s s e s s e d . The d e f le c t io n s  and
moment p r o f i l e s  f o r  the c y l in d e r  c a l c u l a t e d ’ fo r  th e se  v a lu e s  were then
added to the f i r s t  s o lu t io n  form ing c o r r e c te d  c u r v e s .
In  th e  e tr © e s  graph ( f i g #  54) th e  i n f l u e n c e  o f  c i r c u m f e r e n t i a l  on
lo n g itu d in a l  s t r e s s e s  was f u l l y  in c o r p o r a te d , and the ob served  s t r a i n s
co n verte d  to  s t r e s s / E  from the r e la t io n s h ip
(Tv = E v  + 4  £ h  «=•. o C  7s  
E  " S S 'P  1
Q v = v e r t i c a l  s t r e s s
£ v = v e r t i c a l  s t r a in
Eh ss h o r iz o n ta l s t r a in
= Podsson’ s r a t i o
t s = fa c e  tem p e ratu re.
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S i n c e  t h e  b e h a v i o u r  o f  t h e  m o d e l  v a r i e d  a r o u n d  t h e  c i r c u m f e r e n c e ,  
a  s p e c i a l  i n v e s t i g a t i o n  w a s  c a r r i e d  o u t  t o  d e t e r m i n e  t o  w h a t  e x t e n t  
t h e  t e m p e r a t u r e  a n d  s t r a i n  w a s  c o n s t a n t  a r o u n d  t h e  m o d e l .
S i x  n o n - c o n s e c u t i v e  w a l l s  o f  t h e  m o d e l  w e r e  p r o v i d e d  w i t h  t h e r m o ­
c o u p l e s  a n d  t h e  a v e r a g e  t e m p e r a t u r e  r i s e  o f  e a c h  o f  t h e  w a l l s ,
. e x p r e s s e d  a s  a  p e r c e n t a g e  o f  t h e  a v e r a g e  t e m p e r a t u r e  r i s e  o f  t h e  
w h o l e  m p d e l ,  s h o w s  t h a t  t h e  t e m p e r a t u r e  o f  w a l l  ' D f . w h i c h  w a s  f u l l y  
q. i n s t r u m e n t e d  a n d  u s e d  a s  t e m p e r a t u r e  s o u r c e  f o r  t h e  m o d e l  a g r e e d  
v e r y  c l o s e l y  w i t h  t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e  w h o l e  m o d e l .
One o f  t h e  m a i n  t h r e e  w a l l s  on  w h i c h  s t r a i n  r e a d i n g s  w e r e  m a de  
w a s  h o t t e r ,  h o w e v e r  w h e n  c o n s i d e r e d  t o g e t h e r  t h e  t h r e e  w a l l s  w e r e
3 .8  S p e c i a l  I n v e s t i g a t i o n s
b e l o w  a v e r a g e "  f o r  w a l l s .
T h e  a g r e e m e n t  b e t w e e n  m e a s u r e d  s t r a i n s  o f  t h r e e  m a i n  w a l l s  w a s
e x c e p t i o n a l l y  g o o d  a n d  s o  w a s  t h e  a g r e e m e n t  b e t w e e n  t h r e e - w a l l  a n d
t w e l v e - w a l l  a v e r a g e s  p r o v i n g  t h a t  t h r e e  f u l l y  i n s t r u m e n t e d  w a l l s  
u s e d  i n  t h e  e x p e r i m e n t a l  a n a l y s i s  w e r e  r e p r e s e n t a t i v e  o f  t h e  w h o l e
model*
C hapter 4 .  Comparison betw een  s i m p l i f i e d  model and model N o .3
4 .1  T h e o r e t i c a l  and e x p e r im e n ta l  a n a l y s i s
T h e o r e t i c a l  a n a l y s i s  was used  a s  a "yard s t i c k ” t o  compare 
b o th  m o d e ls .  To be a b le  t o  u se  t h e o r e t i c a l  a n a l y s i s  f o r  com parison  
o f  th e  m od els  i t  had t o  be i d e n t i c a l  i n  a l l  r e s p e c t s ;  fu r th erm o re  
th e  p r o ced u re  o f  e x p e r im e n ta l  a n a l y s i s  had t o  be i d e n t i c a l  a l s o .
• :A r i g i d  m a th e m a t ic a l  co m p u ta t io n  p r o v id in g  one answ er f o r  a g iv e n
d a ta  o f  l o a d i n g  made t h i s  com p arison  p o s s i b l e .  The c a l c u l a t e d  c u r v e s  
sh o w in g  d e f l e c t i o n s  and s t r e s s e s  were r e g a r d e d  t h e r e f o r e  a s  i d e n t i c a l  
e s p e c i a l l y  away from th e  f o u n d a t io n  l e v e l  and th e  d iv e r g e n c e  b etw een  
th e  t h e r o e t i c a l  and e x p e r im e n ta l  r e s u l t s ,  v iew ed  a s  a p e r c e n ta g e  o f  
t h e o r e t i c a l  v a l u e s  were r e g a r d e d  a s  a m easure o f  s u c c e s s *
The c o r r e c t i o n s  due t o  f o u n d a t io n  movement i n  m odel N o .3 was 
th o u g h t  t o  be n e c e s s a r y  s i n c e  t h e r e  was no doubt t h a t  i t  to o k  p l a c e ,  
and t h i s  method was th e  o n ly  r a t i o n a l  way o f  d e a l i n g  w i t h  th e  
p ro b lem .
The d i f f e r e n c e  betw een  t h e  t h e o r e t i c a l  s t r e s s  c u r v e s  o f  b o th  
m od els  was i n  th e  i n t r o d u c t i o n  o f  P o i s s o n ' s  r a t i o  e f f e c t  t o  model 
N o .3? w h i le  i n  th e  s i m p l i f i e d  m od el,  l a c k i n g  c i r c u m f e r e n t i a l  
c o n t i n u i t y  l o n g i t u d i n a l  e x p e r im e n ta l  s t r e s s e s  were n o t  a f f e c t e d  and 
t h e r e f o r e  i t  was p o s s i b l e  i n  th e  t h e o r e t i c a l  a n a l y s i s  t o  d i s r e g a r d  
t h i s  f a c t o r .  In  model N o .3 v e r y  c l o s e  agreem ent betw een  th e  i n t e r n a l  
d ia m e te r  gauge d e f l e c t i o n s  and . th e  c a l c u l a t e d  cu rve  a s  w e l l  a s  good  
agreem ent o f  s t r e s s  r e s u l t s ,  e s p e c i a l l y  on th e  c o m p r e ss io n  s i d e ,
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S i m i l a r l y  e q u a l l y  good r e s u l t s  w ith  th e  s i m p l i f i e d  model proved  
t h a t  b o th  m o d e ls  behaved  n o t  o n ly  i n  a s i m i l a r  way b u t c o n s id e r i n g  
th e  d iv e r g e n c e s  o f  a s e r i e s  o f  t e s t s  on th e  s i m p l i f i e d  model th e  
u n c o r r e c t e d  r e s u l t s  o f  m odel N o .3 c o u ld  v e r y  w e l l  be f i t t e d  i n t o  
t h i s  s e r i e s  w ith o u t  d i s c l o s i n g  th e  i d e n t i t y  o f  th e  m o d e l.
I t  sh o u ld  be n o te d  how ever t h a t  a l th o u g h  e x p e r im e n ta l  p o i n t s  
i n  th e  d e f l e c t i o n  graphs o f  b o th  m od els  c o u ld  e a s i l y  be f i t t e d  i n  a  
c o n t in u o u s  c u r v e ,  th e  p o i n t s  on s t r e s s  grap h s i n  th e  c a s e  o f  th e  
s i m p l i f i e d  m odel were more s c a t t e r e d  when compared w i t h  s i m i l a r  
p o i n t s  on th e  gra p h s  r e l a t e d  t o  m odel N o .3* T h is  c o u ld  be 
a t t r i b u t e d  t o  an i n s u f f i c i e n t  number o f  r e a d in g s  ta k e n  on th e  
s i m p l i f i e d  m odel a t  ea ch  l e v e l .
Chapter 5* C o n c lu s io n s .
5*1* General summary o f  in v e s t i g a t i o n
The programme o f  research  was undertaken to provide an answer to  a 
s e r i e s  o f  q u est io n s  s ta t e d  in  paragraph No, 1 ,3  and each o f  th e se  p o in ts  w i l l  
be d is c u s se d  in  view o f  the r e s u l t s  ob ta in ed .
1. The experim ental techn ique in c lu d in g  the t e s t i n g  procedure and the type  
o f  instrum ents  u sed , ach ieved  r e s u l t s  which extended experim ental a n a ly s i s  to  
the t e s t i n g  o f  models su b je c te d  to temperature lo a d in g .  This new techn ique i s  
now ad eq u ate ly  e s ta b l i s h e d ,
2 .  The s u c c e s s fu l  t h e o r e t i c a l  a n a ly s i s  was developed and, judging by the  
good "match” w ith  experim ental r e s u l t s ,  v/as adequate fo r  resea rch  and d es ig n
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s u g g e s t s  t h a t  t h e  m ethod  o f  c a l c u l a t i o n  was q u i t e  s u c c e s s f u l .
p u rp o s e s .
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3 , . The development o f  a s im p l i f i e d  model as an in e x p e n s iv e  method o f  
d es ig n  or o f  check ing  d es ig n  and the comparison w ith  c y l in d r ic a l  models a t  
the B u ild in g  Research S t a t io n  was n o t  on ly  s u c c e s s fu l  but a l s o  r a is e d  the  
hope th a t  t h i s  approach cou ld  be extended to  o th er  ty p e s  o f  s t r u c tu r e s .
4® The v a l i d i t y  o f  the p r in c ip le  o f  su p e r p o s it io n  o f  the e f f e c t s  due to  
th e ' average temperature and the temperature g ra d ien t  which could  n o t  be 
v e r i f i e d  u s in g  c y l in d r ic a l  models was adequate ly  dem onstrated by ‘the u se  o f  
a s im p l i f i e d  model.
5* In the course o f  the i n v e s t i g a t i o n  i t  was a l s o  proved ex p er im en ta lly  
th a t  d e f l e c t i o n s  were m ainly  in f lu e n c e d  by the change o f  average  
temperature w h ile  s t r e s s e s  depended on the temperature g r a d ie n t .
5*2. C onclusions d er iv ed  from study o f  experim ental r e s u l t s
rf
The sc ie n c e  o f  model t e s t i n g  was extended in  t h i s  work to  cover  
i n v e s t ig a t io n s  o f  the e f f e c t s  o f  short  term temperature lo a d in g .  -This 
c a l l e d  fo r  the development o f  an experim ental technique and the overcoming  
o f  a number o f  t e c h n ic a l  problems* There i s  much to  be lea rn ed  from t h i s  
experim ent.
C onsidering the c o n d it io n s  in  the la b o ra to ry  which was n e i t h e r  a t  
co n sta n t  temperature or co n sta n t  hum idity , the experim ental r e s u l t s  were 
q u ite  good. The changes o f  temperature around the model, however, 
in f lu e n c e d  the c a n t i l e v e r  r e fe r e n c e  frame to some ex ten t  and even more the  
f ix e d  r e fe r e n c e  frame which c a r r ie d  the d ia l  gauges measuring the d ish in g  
of the r o o f  beam, making both  read in gs  u n r e l ia b le .  This would su g g est  the  
n e c e s s i t y  o f  a t  l e a s t  a co n sta n t  temperature la b o ra to r y  fo r  any model work 
where the models are su b je c te d  to  temperature lo a d in g .  The ev idence
lack in g  during te s t in g  but c le a r ly  seen on the completion o f the graphs 
o f the d e fle c tio n s , points to some small movement o f ths foundation* These 
lin e a r  and ro ta tio n a l movements, produced most l ik e ly  by the heat flow from 
the w a lls  o f the model to  the foundation beam, could have been can celled by 
the flow o f cold water in  the s p e c ia lly  provided pipes buried in  the concrete
near the top face of the foundation. But the d i f f i c u l t y  o f such an/
arrangement where the temperature o f the water had to  be co n tro lled  (and 
most l i k e ly  continuously changed) throughout the te s t  to balance the heat 
flow  made i t  im p racticab le.
The in te rn al diameter gauge proved to be the most r e lia b le  instrument 
in measuring d e fle c tio n s o f the w a lls  and t h is  type of gauge i s  h ig h ly  
recommended. A sim ila r gauge could have been used to  measure th© d e fle c tio n s  
o f the ro o f beam r e la t iv e  to  the foundation, but because of the extrem ely 
small ro ta tio n a l movement o f the foundation, the accuracy o f the r e s u lts  
would have su ffered  s l i g h t l y .  They would, however, have been* more accurate  
than the d ia l gauge r e s u lts  obtained and c e r ta in ly  accurate enough fo r  
comparison with the th e o re tic a l cu rves.
Four Demec gauge readings at each le v e l and e^ch face although providing
f a i r l y  good r e s u lts  were not s u f f ic ie n t .  I t  i s  f e l t  th at the number of these
readings should have been at le a s t  doubled providing more con sisten t a verage s.
T h is was fu rth er accentuated in the case o f the ro o f beam where only
two readings were taken in each p o sitio n . The Demec gauge i s  not o f high
accuracy and i t  was n ecessary to make frequent checks on a reference bar
6
k e p t  a t  c o n s ta n t  t e m p e ra tu re  away from th e  m o d e l .-
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The accuracy however was s a t is fa c t o r y  fo r  th is  type of work as 
demonstrated in  F ig . 33  showing experimental s tr e s s e s  fo r  the te s t  No. 1 1  
(minimum temperature grad ien t) where d if fe r e n t ia l  s tr a in  readings were 
minimal. Since on the outer fa ce  of the model a l l  s tr a in  readings were 
taken in  the conditions o f the t e s t  ( i . e .  with coolin g w ater running over 
the fa ce  of the model talcing care th at the water did not splash f r e e ly  
over the measuring gau ge;) th is  was d i f f i c u l t  and may have had some 
e ffe c t  on the r e s u lts .
Probably the la r g e s t  fa c to r  o f e rro r la y  in ' the temperature
measurements. Although temperatures were read to an estim ated -  a-°F. the
+  oaccuracy was more l i k e ly  -  1 F . With ra th e r small temperature d iffe re n c e s  
throughout the programme th is  fa c to r  was an important one. This v/as not 
r e a lis e d  a t  the tim e. Temperatures a lso  a ffe c te d  the value of the 
c o e ffic ie n t  of expansion and a la rg e  proportion o f  the v a ria tio n  of the 
c o e ffic ie n t  e s p e c ia lly  in  t e s t s  w ith the lowest temperature d iffe re n ce s v/as 
a ttrib u te d  to th is  f a c t .  C le a rly  the F o ste r d ire c t  readin g potentiom eter 
was not accurate enough fo r  th is  work and a Doran or Pye type o f instrument 
would have been b e tte r .
In d ivid u al thermocouples c e r ta in ly  gave r is e  to some doubts but on the 
v/hole they were f a i r l y  r e lia b le .  By r e ly in g  on the " sp ot" readings, a 
considerable time was taken which allowed some flu c tu a tio n  in  temperature. 
This v/as i l lu s t r a t e d  in  the d iffe re n ce  between these and a second se t o f  
temperature readings taken a t  the end o f each t e s t .  I f  i t  were not fo r  the 
cost involved i t  would have been more convenient and c e r t a in ly  more 
accu rate to use an automatic recorder and r e la te  each se t o f s tr a in
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Water coo lin g was considered an e s s e n tia l part o f the in v e s tig a tio n , 
lim itin g  shrinkage and c o n tro llin g  the temperature g ra d ie n t. Running 
continuously from top to bottom o f the model the temperature o f the w ater 
did change w ith the le v e l  but sin ce i t  was measured as an extern al fa ce  
temperature at in te r v a ls  up the height o f the model i t  could not a f f e c t  
t h e 'r e s u lt s .
The water was supplied from the mains and i t  was assumed th at the 
temperature would remain f a i r l y  constant. A second se t o f temperature 
readings taken a t the-end o f  the te s t  revealed small changes from the 
o rig in a l se t and the average temperatures were th erefore recorded as 
averages from both se ts  o f  readings covering the period about 1J  h r. when 
other readings were taken. Id e a lly  w ater temperature should have been 
constant, the condition norm ally obtained when two flow s o f water one at  
mains temperature and the other preheated blended in  a th e rm o sta tic a lly  
con tro lled  valve*
The h e a t in g  system as  d es ign ed  fo r  the model? proved i t s e l f  to  be 
adequate, e a s ily  co n tro llab le  and quite s a t is fa c to r y  in  a l l  re sp e c ts . 
Constant checking on the connections i s  however n ecessary  as due to a 
fa u lt y  connection one batch of t e s t s  showed a d is t in c t  d iffe re n c e  in  
temperatures between the opposite w a lls  of the frame. This was annoying 
but did not in v a lid a te  the r e s u lts .
In  the la s t  t e s t s  h o rizo n tal s tr a in  readings were introduced at 
three le v e ls  coin cid in g w ith the zone le v e ls .  I t  was ra th e r too la te  by
r e a d in g s  to  th e  a p p r o p r i a t e  r e c o rd e d  te m p e r a tu re .
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t h i s  time to  change the  experim ental s t r e s s  a n a ly s i s ;  however i t  would 
have been much s im pler  to  use the d i f f e r e n c e  between v e r t i c a l  s t r a in  
read in gs  and t h i s  u n r e s tr a in e d  movement a t  each zone as d ir e c t  s t r e s s
measurement without the need to  in trod u ce  the c o e f f i c i e n t  o f  expansion#
\
The a d d it io n a l  check on s t r e s s  r e s u l t s  would have confirmed the accuracy  
o f  the r e s u l t s  and the va lu e  o f  c o e f f i c i e n t  o f  exp an sion .
5*3 C onclusions d er iv ed  from study o f  t h e o r e t i c a l  a n a ly s i s
The a n a ly s i s  was s u c c e s s fu l  and advantage was taken  o f  m atrix  method 
and computer to  enable a co n s id era b le  amount o f  data to  be handled f a i r l y  
e a s i l y .  There are however fu r th e r  p o in ts  which w i l l  now be d iscu ssed #  The 
a n a ly s i s  was developed fo r  two s t r a ig h t  l i n e  tem peratures each in  i t s  own 
"separate" s tr u c tu r e .  There was some advantage in  u s in g  t h i s  form o f  
a n a ly s is *  The e f f e c t  o f  temperature d i s t r ib u t io n  which can be rep resen ted  
by two s t r a ig h t  l i n e s ,  each continuous over one part o f  the s id e  w a l l s ,  can 
be r e a d i ly  determined# By determ ining th e  temperature d i s t r ib u t io n  in  
terms o f  grad ien t and average temperature at the  ends o f  th e  l i n e s  the fr e e  
deform ation and f i x i t y  moments o f  var io u s  l e v e l s  o f  th e  w a l ls  cou ld .be  
d e f in e d  in  terms o f  the  end tem peratures and each t e s t  could  be analysed  
by post m u lt ip ly in g  a f ix e d  m atrix  by th e  temperature m atr ix .  Another 
important point was t h a t  th e  temperature l i n e s  need not i n t e r s e c t  a t  the  
break in  the d i s t r ib u t io n  w hich .provided  more f l e x i b i l i t y  in  choosing the  
s t r a ig h t  temperature l i n e s  through a s e r i e s  o f  e x p e r im e n ta lly  measured p o in ts  
The problem o f  r e p r e se n t in g  p r a c t ic a l  temperature p r o f i l e s  by two s t r a ig h t  
l i n e s  could  be overcome by d i v i s i o n  o f  the  s tr u c tu r e  in to  as many 
independent components as would be n e c e s sa r y  to  present in  eaoh o f  them
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the temperature change as c lo s e ly  lin e a r  as d esired .
The s tr a ig h t lin e  s tip u la tio n  although advantageous i s  somewhat 
r e s t r i c t i v e  and su c ce ssfu l a n a ly s is  v/as obtained by Mr. R. M ie s  v/orlcing 
w ith the author a t the B u ild in g Research S ta tio n , • This was based on the 
continuously v a ry in g  temperature d is trib u tio n  along the length  of the 
model w all -  in  h is  case a c y lin d e r. E xce ssive  curvatures had to be 
avoided as the mathematical so lu tio n  i s  not s t r i c t l y  a p p lica b le  to n o n -lin ear  
p r o fi le s  and non lin e a r  fre e  deformations of the cylin d e r v / ill  always 
produce some s tr e s s e s  in  the w a ll .  The assumption v/as made th at these  
s tr e s s e s  v /ill be small and w i l l  not a f f e c t  calcu la te d  d e fle c tio n s  and 
moments. The comparison of both a n a ly sis  and experim ental r e s u lts  proved 
th is  to be tru e . S im ila r a n a ly s is  v/as also  ca rrie d  out fo r  the s im p lifie d  
model. This work i s  not included in  the th e s is .
T h eo re tical d e fle c tio n s , unlike the experimental d ata, are r e a l ly  
centre lin e  d e fle c tio n s and w ith average temperature o f cross-beams 
d i f f e r i n g  from the average temperature o f  the main w a l l s ,  the assumption  
of uniform temperature equivalent to the average temperature of the c ro s s ­
beams on the f u l l  length o f  the rad iu s can only be regarded as approximate.
D efle ctio n  r e s u lts  however proved th at th is  e rro r v/as in s ig n if ic a n t .
The d iffe re n ce  between experimental outer fa ce  and th e o re tic a l centre lin e  
d e fle c tio n s on the other hand would be o f the order of 1 x  10 ^ inches 
which v/as regarded as unimportant.
I t  has been noted th at d e fle c tio n s were s e n s itiv e  to the mean 
temperature r is e  and the in flu en ce o f temperature c r o s s - f a l l  had no 
p r a c t ic a l  v a lu e . On the other hand s tr e s s e s  were determined m ainly by the 
temperature c r o s s - f a l l .
1 7 3
The main d isadvantage  o f  the a n a ly s i s  i s  the need fo r .tw o  s ig n  
con ven tion s  v/hich in c r e a s e s  the l ik e l i h o o d  o f  e r r o r .  However t h i s  a n a ly s i s  
i s  i d e a l l y  s u i t e d  to  the i n v e s t i g a t i o n  o f  a la r g e  number o f  s im ultaneous  
t e s t s  and th a t  f a c t  a lon e  i s  s u f f i c i e n t l y  important to  r e t a in  i t  in  fu tu r e  
la b o ra to r y  work.
5*4* Concluding remarks
The v e r s a t i l i t y  o f  the  en c lo se d  t h e o r e t i c a l  a n a ly s i s  l i e s  i n  the  
ease  w ith  which i t  can provide an envoiope o f  maximum s t r e s s e s  and 
d e f l e c t i o n s  fo r  a wide v a r i e t y  o f  temperature c o n d it io n s .
C onsidering  shrinkage i n  the same way as  tem perature, the a n a ly s i s  
could  in co rp o ra te  the e f f e c t  o f  m oisture changes. Furthermore w ith  minor 
adjustm ents the case  o f  co n s ta n t  in te r n a l  p ressu re  cou ld  a l s o  be in c lu d e d • 
The experim ental a n a ly s i s  was developed f a r  aiough to  provide a u s e fu l  
comparison w i t h . t h e o r e t i c a l  a n a l y s i s ,  but th ere  i s  s t i l l  scope fo r  fu r th e r  
development. S u i t a b i l i t y  o f  both a n a ly se s  were r e f l e c t e d  in  the good 
agreement between both s t r e s s e s  and d e f l e c t i o n s .  The p r in c ip le  o f  
s u p e r p o s i t io n  was a l s o  f a i r l y  w e l l  e s t a b l i s h e d .
The d iv e r g e n c e s ,  g r e a te r  in  some t e s t s  than in  o th e r s ,  u n d er lin ed  the 
need fo r  a la r g e r  number o f  t e s t s  in  f a i r l y  s im i la r  c o n d it io n s  and 
d is c u s s io n  o f  averages  r a th e r  than s in g l e  t e s t  r e s u l t s .  The r e s t r i c t i o n  o f  
the s in g l e  temperature p r o f i l e  and the ra th e r  low tem peratures le d  to  a 
c o n d it io n  producing4 b a r e ly  enough d e f l e c t i o n s  and s t r a in s  to  measure.
By h av in g  a re serv e  model to  s u b s t i t u t e  in  case o f  f r a c tu r e ,  d i f f e r e n t  
temperature p r o f i l e s  and p o s s ib ly  a h ig h er  range o f  tem peratures could  have 
been u se d .  I t  i s  f e l t  th a t  in  th e se  c o n d it io n s  the agreement between
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From the s it e  point of view the d e fle c tio n s otherwise u su ally, played
down, are o f  gre at importance when con sid erin g toleran ces and alignments
\
of numerous components p assin g through the w a lls  o f the re acto r shield?
a clo se estim ate i s  e s s e n tia l.
The use o f the computer speeded up the th e o re tic a l work "but as a l l
the data v/as handled sim ultaneously the advantage o f programming the l a t e r
t e s t s  in  the lig h t  of experience gained from the e a r l ie r  t e s t s  was lo s t
com pletely. Id e a lly  each te s t  should have been a n a ly se d ' f u l l y  before the
next one commenced. 4
*
5 *5 * Recommendations fo r  fu tu re work
As- alread y discussed the c o e ffic ie n t  of expansion used in  th is  work * 
included e f fe c t s  o f thermal expansion, moisture movement and creep and was 
expressed as a fig u re  derived from the experimental r e s u lts  fo r  each t e s t .
Although fo r  the development of theory and the comparison o f th e o re tic a l  
and experimental r e s u lts  such a c p e ffic ie n t  was quite adequate, the 
knowledge of the in flu en ce of each o f these fa c to rs  on the accepted valu e  
of the c o e ffic ie n t  of expansion would be in valu ab le, e s p e c ia lly  since in
i
the design stages each o f these fa c to r s  i s  considered se p a ra te ly .
The e ffe c t s  of moisture movement and creep when the stru ctu re is
t
subjected to thermal loadin g req u ires more fundamental in v e s tig a tio n , in  
the form of long-term  t e s t s .
The use of a model such as a c y lin d e r which i s  a common feature to a 
number o f stru ctu re s would be p referab le  to , fo r  example, concrete beams, 
and the ap p lica tio n  of the a ctu a l conditions more r e a l i s t i c .
t h e o r e t i c a l  and e x p e r im e n ta l  a n a l y s i s  would have "been even c l o s e r .
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S t r e s s  r e l e a v i n g  a n d  d e f l e c t i o n  c h a n g e  o f  t t©  m o d e l ,  d u e  t o  b o t h  o f  
t h e s e  f a c t o r s  a s  a  f u n c t i o n  o f  t i m e ,  w o u ld  be  r e q u i r e d .
tt
To be  a b l e  t o  a d a p t  t h e  m ode l  r e s u l t s  t o  t h e  p r o t o t y p e ,  a  s u p p o r t i n g  
programme c o m p a r i n g  t h e  e f f e c t s  o f  s h r i n k a g e  a n d  c r e e p  o f  s m a l l  c o n c r e t e  
s e c t i o n s  o f  t h e  m ode l  t o  m a s s i v e  s e c t i o n s  o f  t h e  p r o t o t y p e ,  u s i n g  t i m e  a s  
a  b a s i c  f a c t o r  w o u ld  b e  n e c e s s a r y .  T h e  s u c c e s s f u l  r e s e a r c h  w o u ld  h e l p  t o  
a s s e s s  t h e  d e g r e e  o f  d r y i n g  o v e r  t h e  l i f e  o f  t h e  s t r u c t u r e .
T he  o t h e r  r e s e a r c h  w o rk  c o u l d  c o n c e n t r a t e  on ;
a )  t h e  e f f e c t  o f  t e m p e r a t u r e  on  t h e  r a t e  o f  d r y i n g ,
b )  t h e  e f f e c t  o f  a g e  on  s h r i n k a g e ,
c )  t h e  e f f e c t  o f  r e i n f o r c e m e n t  on  s h r i n k a g e ,
d )  t h e  e f f e c t  g f  r e t n f o y g g i n g n t  gn  c r a c k  d i s t p ^ b u t i Q n ?
e )  l o c a l  c o n c e n t r a t i o n  o f  h e a t  p r o d u c e d  b y  t h e  p a s s a g e  o f  h o t  p i p e s ,
f )  t h e  e f f e c t  o f  a r r a y  o f  h o l e s  on t h e  f l e x i b i l i t y  o f  p l a t e s ,
g )  t h e  b a s i c  t h e o r y  f o r  t h e  d e s i g n  o f  s t e e l  l i n e r s  f o r  n u c l e a r  c o n t a i n m e n t
s t r u c t u r e s ,  g a s  h o l d e r s ,  h o t  l i q u i d  t a n k s ,  d e s a l i n a t i o n  p l a n t ,  © t c .
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